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CAUTION 


The experimentation with, and the use of, pyrotechnic materials can be dangerous; it is im- 
portant for the reader to be duly cautioned. Anyone without the required training and experience 
should never experiment with nor use pyrotechnic materials. Also, the amount of information 
presented in this text is not a substitute for the necessary training and experience. 


A major effort has been undertaken to review this text for correctness. However, it is possible 
that errors remain. Further, it must be acknowledged that there are many areas of pyrotechnics, 
fireworks in particular, for which there is much “common knowledge’, but for which there has 
been little or no documented research. For the sake of completeness, this text certainly contains 
some of this unproven common knowledge. It is the responsibility of the reader to verify any in- 
formation herein before applying that information in situations where death, injury, or property 
damage could result. 


Preface 


This text is written at an introductory to intermediate level. As such it is intended for readers with 
limited prior knowledge of chemistry or limited knowledge regarding specific areas of applied pyro- 
technics. One goal of this text was to provide an extensive list of references, thus directing readers to 
sources of additional information. With a total of approximately 400 references that goal has been met; 
however, for the most part, citations to material that is readily found in numerous reference texts have 
not been included. Only when the information is attributable to a limited number of authors are specif- 
ic references generally cited. 


The chapters are a collection of 19 papers written by 13 authors, covering most of the important ar- 
eas of pyrotechnic chemistry. While this format causes the text to be written in styles that differ 
somewhat from chapter to chapter, it also provides an opportunity to have each of the chapters written 
by persons with expertise and current knowledge in each of the various subject areas. (Brief biograph- 
ical information about the authors is included at the end of this preface.) Also, having each subject 
written as a stand alone chapter, means that a reader wishing information on a specific subject will 
generally not have to refer to other chapters for the background and ancillary information needed to 
fully comprehend the subject. 


Almost all of the chapters have been published previously; however, they were originally written 
with the intention of being chapters in this text and have been updated since their original publication. 
The authors of each chapter are identified at the start of each chapter, and the citation for where the 
material was originally published appears at the end of each chapter. Because most of the chapters 
have been published previously, and to simplify the task publishing this compilation, in most cases the 
authors were individually responsible for editing their chapters. Nonetheless, the Journal of Pyrotech- 
nic, Inc. would appreciate learning of any errors appearing in this text such that they might be correct- 
ed in future printings. 


The Table of Contents is quite extensive, running to 9 pages with approximately 600 entries. For 
this reason there is also a basic list of chapter titles to help orient the reader. Because of the extensive 
table of contents, this text has not been provided with an index. It is suggested that readers wishing to 
research a specific topic first consult the list of chapters to find the one most relevant to the topic, and 
then consult the detailed table of contents to locate the page number(s) of the section addressing that 
topic. 


The publisher acknowledges that there are a number of subjects that this first edition does not ade- 
quately cover. It is anticipated that subsequent editions will be produced periodically that will fill in 
subject areas such as flash powder chemistry, smoke chemistry, and the kinetics of pyrotechnic reac- 
tions. Subsequent editions will also seek to update and expand some of the current chapters. Volunteer 
authors for these and other potential chapters are encouraged to contact the Journal of Pyrotechnics, 
Inc. 


Bonnie J. Kosanke, Publisher 
Journal of Pyrotechnics, Inc. 
1775 Blair Road 

Whitewater, CO 81527 USA 
970-245-0692 
bonnie@jpyro.com 
www.jpyro.com 
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Introduction to Pyrotechnics 


David R. Dillehay 
107 Ashwood Terrace, Marshall, TX 75672 USA 


Pyrotechnics is, literally, the art of fire from 
the Greek pyr (fire) and tekhne (art). Originally, 
the word covered many technological applica- 
tions of fire, particularly metallurgy." Later, 
“Pyrotechnics” came to mean the art of making 
or using fireworks. Originally fireworks were 
devices containing mixtures of various combus- 
tible solids with saltpeter (potassium nitrate).!7! 
The saltpeter provided oxygen, allowing the 
combustion to proceed vigorously until all the 
mixture was consumed, producing flame, sparks, 
smoke, noise, and sometimes setting the fire- 
work in motion. Fireworks were used for enter- 
tainment and in warfare. The earliest documen- 
tation of fireworks is found in the ancient Chi- 
nese literature.°~”! Later, firework mixtures were 
used to propel stones and other missiles from 
tubes, leading to the development of guns. One 
such mixture, which came to be known as 
“Gunpowder” or “Black Powder”, became uni- 
versally used as the propellant in firearms and 
as a military explosive. It was also used in min- 
ing and quarrying and still remains an important 
component of many fireworks and other pyro- 
technic devices. 


With the development of modern chemistry 
more and more materials were found to be use- 
ful in pyrotechnics. A practical definition of a 
pyrotechnic mixture in the early nineteenth cen- 
tury might have been “a mixture, capable of 
self-sustaining combustion, consisting of one or 
more powdered solid fuels mixed with one or 
more powdered solids capable of yielding oxy- 
gen for the combustion of the fuels”. While this 
definition might have sufficed for all commer- 
cial and military pyrotechnic compositions of 
the time, there are mixtures and even pure sub- 
stances that behave like pyrotechnic composi- 
tions but do not fit the definition. For example, 
mixtures of powdered metals (such as zinc, 
aluminum and magnesium) with powdered sul- 
fur burn like fireworks but contain no oxygen. 
Ammonium dichromate burns like a firework, 
but is not amixture. Mercury fulminate and silver 
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fulminate explode when heated or struck, and 
there are many other pure substances that ex- 
hibit “pyrotechnic” qualities. Some of them, such 
as nitrocellulose and nitroglycerine, became im- 
portant components of military and commercial 
explosives. Are such compounds, and devices 
using them, within the scope of pyrotechnics? 
Modern usage suggests that they are, with the 
proviso that ‘bombs, warheads, land mines, and 
other munitions, which are commonly associated 
with the military term “ordnance” are “specifi- 
cally not included”’.'*! The definition of “pyro- 
technics” is further clouded by the tradition of 
writers of books on pyrotechnics to discuss such 
interesting but peripherally relevant matters as 
spontaneously flammable chemicals'”'®! and 
high-temperature gas flames.'''! Even if such 
things are excluded, the old definitions that 
specified mixtures of solid fuels and oxygen 
donors are clearly inadequate. Practical pyro- 
technic mixtures have been based on combina- 
tions of powdered polytetrafluoroethylene and 
magnesium,!'?! of powdered carbon and tita- 
nium,'"*! and of palladium and aluminum.!"”! 


The word “pyrotechnics” is used to refer not 
only to the technology, but also to its products. 
A definition of “pyrotechnics” that is broadly 
consistent with current usage should include both 
senses of the word. Such a definition might be: 


1. The area of technology that deals with the 
application of self-contained and self-sustained 
exothermic chemical reactions of solids to pro- 
duce heat, light, sound, smoke, motion, combi- 
nations of these, and/or useful reaction products 


2. Materials or devices for producing or 
exploiting such reactions. 


A definition of “fireworks” could then be: 


“Pyrotechnics intended for amusement, public 
entertainment or artistic purposes”. 


Americans use the terms pyrotechnics, pro- 
pellants and explosives to distinguish between 
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various types of energetic materials. However, 
this does not mean that violent explosions are 
not possible with pyrotechnics. On the contrary, 
very powerful explosions have resulted from 
mishandling of pyrotechnic compositions. The 
defining difference between pyrotechnic explo- 
sions and detonations is in the presence of a 
shockwave in the explosive and the propagation 
velocity. In a detonation, high temperature and 
pressure gradients are generated in the wave 
front, so that the chemical reaction is initiated 
instantaneously. By definition, detonations pro- 
duce violently destructive shockwaves and are 
characterized by a propagation velocity greater 
than approximately 1,500 m/s (5,000 ft/s). [Most 
materials that detonate are not classified as “py- 
rotechnics” and will not be addressed in this text. | 


Black Powder is classified as a low explosive; 
its velocity of propagation is only about 460 m/s 
(1,500 ft/s). It undergoes what can be described 
as a deflagration, which does not propagate via 
a shockwave and is characterized by the release 
of hot gases to do useful work. Black Powder is 
one of the oldest known compositions and en- 
joys a unique place in the annals of pyrotech- 
nics, yet it still plays an important role today. 


Other pyrotechnic chemical reactions are 
known, some with considerably more energy 
released per unit weight compared with Black 
Powder, and some with considerably less en- 
ergy. The amount of work that can be done by a 
composition is known as the impetus. The units 
are usually given in joules per gram (J/g) or foot- 
pounds (force Per POUNC weight) (ft-Ibf/lb). This deri- 
vation comes from the well-known ideal gas 
equation, 


PV=nRT 


where P= pressure, 
V = volume, 
n=moles of gas, 
R=universal gas constant, and 
T = temperature of the gas. 


The impetus is most easily measured in a 
closed vessel by burning a known weight in a 
known volume and measuring the maximum 
pressure produced. If the vessel is insulated to 
achieve near adiabatic conditions (no heat loss), 
then the impetus can be calculated from the fol- 
lowing equation: 
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KP_V 
F _ max 
W 
where F = = _ impetus (J/g), 
Prax = peak pressure (atm) 


V = volume (L) 

W = mass (g), and 

K ~~ = 0.00987 (a conversion factor to 
convert from liter-atmospheres 
to joules). 


The performance characteristics of pyrotech- 
nics can be tailored to fulfill a number of appli- 
cations by controlling the burning rate and lim- 
iting the venting of the pressure. Delays and 
fuses can be made to burn very slowly (many 
seconds per centimeter) or very rapidly (milli- 
seconds per centimeter). This wide performance 
range provides the pyrotechnist with consider- 
able latitude for controlling the sequence of 
events. Some delay formulations are shown in 
Table 1. 


Table 1. Delay Formulations. 


Wt. Burning 
Formulation % Rate (s/cm 


Boron, amorphous 
Barium chromate 


Boron, amorphous 
Barium chromate 
Manganese 
Barium chromate 
Lead chromate 


Pyrotechnics have a number of other func- 
tions. They can be used in incendiary devices to 
generate heat for cutting, welding, warming, 
vaporizing or igniting other materials. They can 
produce smoke, either directly or indirectly. 
Pyrotechnics, in the form of fireworks displays, 
are a major source of entertainment on holidays 
and special occasions all over the world. The 
production of light for illumination or signaling 
has been a major application of pyrotechnics, 
particularly in the military. Battlefield illumina- 
tion was of primary importance in many past 
wars, using visible light to strip the cloak of 
darkness from the enemy. Today, the same 
principle exists but the wavelengths have shifted 
from the visible to the infrared region of the 
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spectrum. This provides an advantage to those 
with the technology to use infrared vision sen- 
sors to allow the “covert” illumination of the 
battlefield, limiting the good vision to the well- 
equipped troops. Many times, the enemy will 
not even realize that they are being illuminated 
and observed. The advent of heat-seeking mis- 
siles tipped the advantage to the hunter-killer 
until the use of infrared decoys was perfected to 
attract and distract the missiles while the target 
made a get-away. All of these applications in- 
volve burning a fuel and oxidizer to generate 
heat, smoke, light (of various wavelengths) 
and/or pressure. 


In the earliest years, pyrotechnics was basi- 
cally a “black art”. Like the early chemists and 
alchemists, pyrotechnists used secret formula- 
tions to create effects that produced wonder- 
ment in the general population. The methods 
and formulae were closely guarded secrets that 
were handed down from master to apprentice. 
For years, the actual science was unknown, 
even to the master practitioners. Their expertise 
was based on trial-and-error and many an acci- 
dent can be attributed to mistakes in formula- 
tions or handling. Even now, many techniques 
are still based on very limited knowledge of the 
mechanisms producing the effects. A number of 
research projects were started; however, they 
frequently failed because of a lack of knowl- 
edge of the science behind the pyrotechnic ef- 
fects. Few definitive reference books have been 
available to guide practitioners in pyrotechnics. 
Most of the early works were of necessity little 
more than recipe books, with none of the sci- 
ence explained. The authors were wise to avoid 
attempts at scientific explanations, because in 
most cases the relevant science had not yet been 
developed. Colored flames were known from 
the early nineteenth century, but a detailed sci- 
entific explanation was not possible for another 
hundred years or more. 


More recently the situation has improved 
greatly. In 1943 Shidlovskiy''*! published a 
book on Russian pyrotechnics that provided a 
compilation of test data with some considera- 
tion toward the science behind the observations. 
This book was translated into English by the 
military and became widely available in 1964. 
In 1961 Ellern'”! published one of the most eru- 
dite books on pyrotechnics, with the comment 
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in the introduction that no definitive works on 
pyrotechnics existed at that time. He followed it 
with a second work!"!”! in 1968. In 1980, 
McLain"*! published his work on pyrotechnics 
and solid state chemistry. This book covered a 
wide range of subjects and provided some guid- 
ance on the science of pyrotechnics, including a 
summary of the Spice and Staveley''®'” contri- 
bution to pyrotechnics on the “pre-ignition re- 
action”. Shimizu, in 1976 published a very sig- 
nificant work in German,|'®! later translated to 
English,''*! that offers much insight into the sci- 
ence of pyrotechnics applied to fireworks. An- 
other important work by Shimizu was published 
in 1981°°!, Other more recent publications in- 
clude work by Conkling," Urbanski,?! and 
Hardt!'®! [published posthumously]. Ronald Lan- 
caster’s book, Fireworks Principles and Prac- 
tice, was first published in 1972'?!; its 3"! edi- 
tion appeared in 1998.'**! All of these books are 
valuable assets to anyone seeking to learn more 
than the “cookbook” approach to pyrotechnics. 


Over the last fifty years, considerable pro- 
gress has been made in understanding the chem- 
istry and physics behind pyrotechnic effects. 
This has led to solid science being used in the 
prediction of performance and in maximizing 
the desired effects of pyrotechnic formulations, 
while enhancing the safety of operations. A con- 
siderable amount of research was carried out 
with military funding and can be found in the 
proceedings of seminars sponsored by the In- 
ternational Pyrotechnics Society,'"*! the National 
Defense Industrial Association (NDIA) (for- 
merly called the American Defense Prepared- 
ness Association),°“and the Fraunhofer Insti- 
tute.'°”! Numerous papers are available from the 
National Technical Information Service (NTIS) 
and Defense Technical Information Center 
(DTIC); many of the documents from DTIC are 
not, however, available to the general public.) 
Additional refereed technical journals include 
Propellants, Explosives and Pyrotechnics, pub- 
lished by Wiley-VCH Verlag GmbH, Wein- 
hein, Germany and the Journal of Pyrotechnics, 
published by the Journal of Pyrotechnics, White- 
water, CO, USA. 


Even with these recent advances, pyrotechnic 
compositions can still react with deadly results 
when the science is ignored or misunderstood. 
The science of pyrotechnic physics and chemis- 
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try is now coming into reality, but there are still 
vast areas needing additional research. It is also 
necessary to take full advantage of this growing 
understanding. 


Processes for dealing with the manufacture 
of pyrotechnics (mixing, pressing, extrusion, 
drying and packaging) have run a large gamut. 
The oldest mixing method used was probably 
the mortar and pestle technique used by early 
alchemists to reduce particle sizes and blend 
materials. This was effective though labor in- 
tensive and must have led to accidents as the 
compositions became more sensitive with more 
intimate contact between the fuel and oxidizer. 
This technique was mechanized by the early 
mixers for Black Powder that utilized large wheel 
mills (sometimes called edge-runners). Some of 
these mills used 10-ton wheels to combine char- 
coal, sulfur and potassium nitrate into an inti- 
mate mixture (with the help of some processing 
water) to form Black Powder (gunpowder). 


Many pyrotechnic compositions were proc- 
essed in large wooden bowls with water as a 
processing aid. The mixtures were blended and 
cast or pressed into molds then cut into pellets. 
The pellets were dried in the sun. Fuses were 
made by braiding paper with Black Powder, 
and lift charges of Black Powder were used to 
propel stars from Roman candles and aerial 
shells from mortars. 


As processing became more sophisticated, 
binders became more prominent. Almost any 
sticky material found application as a binder to 
hold fuel and oxidizer together and keep the 
compositions from crumbling or cracking under 
ignition and/or flight. Some of the early binders 
included dextrin, linseed oil, tung oil, gum Ara- 
bic (acacia), and red gum (accroides or acaroid 
resin). These natural products were used for 
many years until the development of synthetic 
binders, such as polyester resins (used in fiber- 
glass), polysulfide-epoxy binders and vinyl- 
alcohol acetate resin (VAAR). These provided 
improved composition strength and sometimes 
improved performance. Generally, only a small 
amount of binder is used since they do not add 
much to the energy released by the burning 
mixture. Compositions are also sensitive to the 
amount of binder because it affects the burning 
rate of a formulation. Along with the new com- 
positions came more modern mixing techniques 
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such as the use of sigma-blade mixers, Muller- 
type mixers, Hobart blenders, twin-shell blend- 
ers and Cowles Dissolvers. Techniques becom- 
ing popular now include twin-screw extruders 
and shock-precipitation (coacervation). These 
techniques are considered state-of-the-art today. 
The resultant compositions may be pressed, cast 
or extruded into shapes for a variety of applica- 
tions. 


Empirical formulations were the norm for 
many years. Fireworks makers jealously guarded 
their recipes, with the intensity and purity of 
their blue formulations considered as the gauge 
of their expertise. The metal compounds that 
produced specific colors were identified by the 
early chemists and were used by pyrotechnists 
to make the variety of flame colors. The chem- 
istry behind the colors came much later. It was 
found that certain chlorine compounds would 
increase the intensity and purity of colors in 
pyrotechnic flames, and their use was adopted 
as the norm. As spectroscopy flourished, the 
reasons for the effects were eventually revealed. 
With the formation of simple gaseous metal 
monochloride molecules in the flame, the colors 
become brighter and of higher purity. 


The availability of metal powders for addi- 
tion to compositions led to new and dramatic 
effects. Although historically coarse charcoal 
had been used to create beautiful glowing sparks 
in some compositions, the addition of iron par- 
ticles and later aluminum and titanium created 
new and exotic effects, such as glitter and 
brighter sparklers. New oxidizers also became 
available and were immediately put to good use. 
The use of sodium nitrate in place of potassium 
nitrate made a dramatic improvement in the 
light output of illuminants. Pyro-aluminum was 
developed in Germany and became the standard 
for flash charges to make brilliant flash-bang 
effects in the sky. All of these new composi- 
tions paved the way for science to overtake the 
trial-and-error methods that had held sway over 
pyrotechnics for so many years. 


Applications 


Pyrotechnics are still the most viable and cost 
effective method of accomplishing many tasks. 
Examples of some current pyrotechnic devices 
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that include both military and civilian items are 
shown in Table 2. Typical formulations for com- 


Table 2. Current Pyrotechnic Devices. 


Item Miltary ne Service Description 
Civilian 


Line rocket 


Signal flare 


Signal flare 


Illuminating flare 


Highway distress 
flare 

Display 
fireworks 
Consumer 
fireworks 


Toy noisemakers 


Matches 


Model rocket 
motor 


Igniter 


Igniter 


Fuse (as opposed 
to mechanical or 


Gas generators 
Smoke 


Smoke 
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Military 
Military 


Civilian 


Military 
Military or 
Civilian 
Civilian 
Civilian 
Civilian 
Civilian 
Civilian 
Military 
Civilian 
Military 
Military 


or 


Military 


Civilian 


Coast Guard 
All 


Individual or 
commercial 
marine usage 


All 


All 
Commercial 
Individual 


Individual 


Individual 


Individual 


All 


Commercial 


All 


Commercial 
All 


Commercial 
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positions used in these applications are readily 
available in texts listed in the references. 


Propulsion device to carry a line between vessels. 
Small, hand-held or weapon-launched device to pro- 


1. Small, hand-held device to propel colored stars or 
smokes to an altitude for signaling, 
2. Hand-held device to generate a very bright 


Small hand-held or weapon-launched device (up 
to 155 mm artillery shells) that deploy parachute- 
supported candles to provide ground or sea 
illumination. 

Distress flares to mark highway accidents or 


Aerial shells, mines, rockets, roman candles, 
fountains, lance work, etc. 

Small fountains, mines, rockets, roman candles, 
firecrackers, sparklers. 

Caps for toy pistols, party poppers, blaster balls; 
based on potassium chlorate. 

Safety matches, ‘strike anywhere’ matches, wind- 
proof/waterproof matches, Bengal matches (produce 
colored flames), and smoke-generating matches for 
testing smoke detectors and exhaust hood 

Uses Bl Powder or composite pyrotech 
compositions to propel model rockets. 

Pyrotechnic compositions used to transfer primer 
output to propulsive charges for mortars, artillery 


Pyrotechnic fuse trains are used to provide delays 
and/or transfer of ignition action in a variety of 


Destructive devices for classified documents, 
lectronics, et 


Smoke generation for screening and signaling. 
Tracing of leaks in plumbing, dispersion of 
pesticides, ground or aerial signals. 
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Chemical Components of Fireworks Compositions 


T. Shimizu 


The firework industry is quite small in scale, 
and generally it is necessary to use materials 
that are produced for other purposes or in some 
cases by-products, which change according to 
the needs of other industries. This chapter de- 
scribes the important materials, including mate- 
rials that are not always easy to obtain, but 
which cannot be ignored. From the standpoint 
of function, the chemical components that are 
used in fireworks may be classified (and are 
presented in this chapter) as follows: 


¢ Oxidizing Agents 
— Ammonium perchlorate, NH4ClO, 
— Potassium chlorate, KCIO; 
— Potassium nitrate, KNO; 
— Potassium perchlorate, KCIO, 
¢ Combined Oxidizing and Color Agents 
— Barium chlorate, Ba(ClO3).°H,O 
— Barium nitrate, Ba(NO3). 
— Sodium nitrate, NaNO; 
— Strontium nitrate, Sr(NO3)>2 
¢ Red Color Producing Agents 
— Strontium carbonate, SrCO; 
— Strontium oxalate, SrC.04-H»O 
¢ Orange Color Producing Agent 
— Calcium carbonate, CaCO; 
¢ Yellow Color Producing Agents 
— Sodium bicarbonate, NaHCO; 
— Sodium carbonate, Na,.CO; 
— Sodium chloride, NaCl 
— Sodium oxalate, NaxC2O,4 
¢ Green Color producing Agent 
— Barium carbonate, BaCO; 
¢ Blue Color Producing Agents 


— Basic copper carbonate (two types) 
CuCO;3-Cu(OH), and 
2CuCO3-Cu(OH)> 
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— Copper acetoarsenite, 
Cu(C,H;302)2°3Cu(AsO>)» 

— Copper arsenite, CuHAsO; 

— Copper powder, Cu 

— Copper sulfate, CuSO4-5H,O 

Combustion Agents (Fuels) 

— Accroides resin (red gum) 

— Aluminum, Al 

— Amber powder (Kunroku) 

— Antimony trisulfide, Sb.S; 

— Arsenic sulfide (realgar), As.S» 


— Charcoal 
Hemp coal 
Paulownia charcoal 
Pine charcoal 


— Dextrin, (C6H190s),°xH20 

— Ferro-silicon, FeSi 

— Iron filings, Fe 

— Lactose (milk sugar), C)2H».0;;-H2O 

— Lampblack (pine black) 
Carbon black 

— Magnalium, MgAl 

— Magnesium, Mg 

— Pine root pitch 

— Red phosphorus, P 

— Rosin 
Combustion Agent BL 
Wood rosin FF 


— Shellac 

— Silicon, Si 

— Starch, (Ce6HioOs)n 

— Sucrose (cane sugar), C}2H7.0;, 
— Sulfur, S 

— Titanium, Ti 

— Wood meal 

— Zinc dust, Zn 
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¢ Smoke Dyes Oxidizing Agents 


— Auramine 

dipowine Ammonium Perchlorate, NH,ClO, 

— Oil orange Molecular weight: 117.49; colorless with a 
~ Oil red rhombic crystal structure, specific gravity: 1.95. 
— Oil yellow It is the least used of all the oxidizers in the 


fireworks industry. It has a transition point to 


~ Para red (p-nitroaniline red) the tetragonal system at about 240 °C. It is said 


~ Phthalocyanine blue that pure ammonium perchlorate sublimes with- 
— Rhodamine B out melting when it is slowly heated in the air, 
¢ Other Chemicals but when the commercial material is heated in a 
— Anthracene, C,4Hjo porcelain crucible with an electric heater, it de- 
~ Benzene hexachloride (BHC), CsH¢Cls composes violently between 260 and 360 °C. A 


sample that was recrystallized four times de- 


=Borie dont HaBOs composed at 386 °C. From this fact, it is known 


~ Boron, B that ammonium perchlorate decomposes easily 
— Chlorinated isoprene rubber (Parlon in as a result of some impurities, Cr, etc. 
the USA or ADEKA in Japan) : : 

aie eas Ammonium perchlorate has been extensively 

sae studied because it is used for solid rocket fuel.!'~! 
~ Guanidine nitrate, NH:C(NH>)"HNO; It is thought that there are two kinds of decom- 
— Hexachloroethane (HCE), C2Cl¢ position; the first occurs below 300 °C, and the 
— Iron oxide, red, Fe,O,; other above 300 °C. The reactions seem to be 
— Lead oxide, red (minium), Pb30, different. They are very complicated and the 
— Naphthalene, C,H, products detected are N.O, No, NO, NO», NH3, 


— Picric acid, trinitrophenol, HC1O, HNO:, HCI, HNO;, and Oo. 


Ce6H2(NO2)30H Ammonium perchlorate is very soluble in 
— Polyvinyl chloride (PVC), CH2:CH:Cl water even at room temperature (29.4 g at 0 °C, 
33.2 g at 10 °C, 37.2 g at 20 °C, 65.6 g at 80 °C, 


— Potassium dichromate, K,Cr,O, 
77.3 g at 100 °C per 100 g of water). 


— Ultramarine, Na,S.-3NaAlSiO, 
— Zinc oxide, ZnO Commercial ammonium perchlorate is a 
white powder. Its solution in water is almost 


- Binding Agents : 
neutral; the pH value was 6.8 at 24 °C ina 10% 


7 aa solution. It absorbs more moisture than potas- 
~ Gelatin sium nitrate and potassium chlorate; 0.19% wa- 
~ Nitrocellulose ter was detected after a 50 day test at an aver- 
— Polyester (unsaturated polyester) age temperature of 10 °C and about 80% rela- 
— Soluble glutinous rice starch (Mizinko) tive humidity. It is slightly soluble in alcohol 
~ Wheat flour (2 g per 100 g of ethanol); soluble in acetone 
Sane cath and insoluble in ether. 


Ammonium perchlorate powder tends to 
eventually cake but not as quickly as potassium 
nitrate or potassium chlorate. 


Ammonium perchlorate is a strong oxidizer 
at high temperatures. It burns with shellac, rosin, 
etc. in a ratio of about 10:2 producing a high 
temperature flame. The combustion products 
are mostly gaseous substances that do not pro- 
duce smoke in dry air, but they do smell of hy- 
drogen chloride gas. In moist air, however, a 
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dense white smoke appears due to the reaction 
of hydrogen chloride gas with water vapor in 
the air. The available oxygen per | g of ammo- 
nium perchlorate is 0.342 g, which is 0.74 times 
as much as that of potassium perchlorate, based 
on the reaction: 


2 NH,ClO4, > No +3 H,0 + 2 HCl + 2.5 Op 


Ammonium perchlorate alone explodes with 
a strong impact, but it showed no tendency to 
explode when initiated by a No. 6 detonator. 


As described above, compositions that con- 
tain ammonium perchlorate as the oxidizer pro- 
duce a high temperature flame that is high 
enough to excite color producing molecules or 
atoms to generate a good flame color. Also, the 
flame contains hydrogen chloride gas, which 
reduces the molecules to SrCl, BaCl, CuCl, etc. 
to deepen the color, or it reduces the solid metal 
oxide particles in the flame to the chloride [e.g., 
MgO (solid) to MgCl (gas)] to increase the 
transparency of the flame and to give a bright 
color. 


Ammonium perchlorate reacts with magne- 
sium in the presence of moisture or water to pro- 
duce ammonia gas and magnesium perchlorate: 


2 NH,C1O, + Mg >2 NH; + Mg(ClO,)2 + H, 


The reaction can be detected by the smell of 
ammonia. The reaction results in a large amount 
of heat being generated, often enough to cause a 
fire due to the accumulation of heat. Under per- 
fectly dry conditions this reaction does not occur. 
This reaction can be suppressed by potassium 
dichromate (K,Cr,O7) even in the presence of 
moisture or water. Ammonium perchlorate also 
reacts with copper. 


2 NHuClO, + Cu — 2 NH; + Cu(ClO.)2 +H, 


When ammonium perchlorate is mixed with 
red phosphorus, it becomes very sensitive to 
impact, but not as sensitive to friction. It also 
becomes sensitive with arsenic sulfide, sulfur, 
antimony trisulfide, etc. The degree of impact 
sensitivity of ammonium perchlorate in such 
mixtures is almost the same as that of potas- 
sium chlorate, but higher than that of potassium 
perchlorate. However, the low friction sensitiv- 
ity of ammonium perchlorate in such mixtures is 
one of its attractive features when compared to 
potassium chlorate and potassium perchlorate.””! 
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Nitric acid and hydrochloric acid do not re- 
act with ammonium perchlorate, but when con- 
centrated sulfuric acid is added, it generates a 
white smoke that smells slightly of ClO). 


Ammonium perchlorate causes double de- 
composition with potassium nitrate, but no dou- 
ble decomposition with sodium nitrate. 


NH,CIO, + KNO; — KCIO, + NH«4NO; 


The ammonium nitrate that is produced by 
the above reaction is quite hygroscopic. There- 
fore if a composition containing ammonium 
perchlorate comes in contact with another com- 
position that contains potassium nitrate, such as 
Black Powder, a wet layer of ammonium nitrate 
occurs between the two compositions and may 
result in a misfire. This double decomposition 
does not occur with barium nitrate, and mix- 
tures of barium nitrate and ammonium perchlo- 
rate are permissible in the preparation of fire- 
work compositions. 


Ammonium perchlorate and potassium chlo- 
rate result in a double decomposition to produce 
ammonium chlorate and potassium perchlorate 
when they are mixed in a wet state: 


NH,C1O, + KCIO; — NH,ClO3 + KCIO, 


Ammonium chlorate decomposes gradually 
at room temperature. Needless to say composi- 
tions that contain ammonium perchlorate and 
potassium chlorate must be avoided. An experi- 
ment to produce ammonium chlorate by above 
reaction can be carried out as follows: Add 35 g 
of potassium chlorate, KC1O3, to 100 ml of wa- 
ter and dissolve it while heating. Add 36 g of 
ammonium perchlorate, NH,ClO,, to the solu- 
tion and stir well until a large quantity of white 
crystals will appear; this is almost all potassium 
perchlorate. Let it cool to room temperature. 
Remove the crystals by filtration. The remaining 
liquid is mainly ammonium chlorate. Evaporate 
the mother liquor to about 30 ml over a water 
bath. Cool it to room temperature, and the am- 
monium chlorate will crystallize out as a crude 
product. Remove the crystals from the mother 
liquor. Dry the crystals at room temperature. 
The amount of ammonium chlorate thus ob- 
tained is about 19 g. The yield is about 55-63% 
of the theoretical value. 


Ammonium chlorate, NH4ClO3, decomposes 
gradually, generating a yellow-brown gas that 
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smells strongly of chlorine. The degree of de- 
composition is about 50% of the original amount 
at an average temperature of about 26 °C over 
35 days. A quantity of ammonium chlorate thus 
prepared was stored in a glass bottle that had a 
loose fitting rubber stopper and left at room 
temperature during the summer; in 48 hours it 
decomposed explosively, breaking the bottle. 


Ammonium chlorate, NH,ClO3, alone ex- 
plodes on strong impact, but it is not as sensi- 
tive to impact and friction in the absence of 
other combustible substances. A mixture of am- 
monium chlorate and shellac in a ratio 10:2 
burns at a rate of 1.2-1.3 mm/s, producing a 
slightly yellowish flame. This burning rate re- 
sembles that of a potassium chlorate composi- 
tion. 


Ammonium perchlorate is decomposed by 
ultraviolet radiation, but not as much as potas- 
sium chlorate; to be precise 1/10 as much. Ac- 
cording to Dr. Osada,'! ammonium perchlorate 
that is exposed to ultraviolet radiation decreases 
its decomposition temperature to 210 °C after 
1000 hours of exposure. As in the case of po- 
tassium perchlorate, FeCl;, CuCl, Cr.O3, and 
K,Cr,0, promote the decomposition of ammo- 
nium perchlorate and decrease the decomposi- 
tion temperature to 300 °C, where it decomposes 
entirely. 


Potassium Chlorate, KCIO; 


Molecular weight: 122.55; colorless with a 
monoclinic crystal structure; specific gravity: 
2.33; melting point: 368 °C; dissociates at 400 °C 
and above, generating oxygen. This reaction 
proceeds as follows: 


2 KCIO; > 2 KCl + 3 O) + (421.3 kcal) 
The reaction proceeds violently above 500 °C." 


Potassium chlorate is not as soluble in water 
as potassium nitrate (3.3 g at 0°C, 7.3 g at 
20 °C, 37.6 g at 80 °C and 56.3 g at 100°C in 
100 g of water). The solution in water is almost 
neutral; a pH of 6.8 (24 °C) was obtained from 
a commercial sample. It absorbs more moisture 
than potassium nitrate; 0.07% moisture was 
measured after leaving it in 80% relative hu- 
midity at an average temperature of 10 °C for 
50 days. The solubility of potassium chlorate in 
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alcohol is 0.83 g in 100 g. It is also soluble in 
alkali. 


Potassium chlorate powder that is made by 
crushing the crystals, tends to cake more than 
potassium nitrate. Most commercial potassium 
chlorate has an anticaking ingredient added that 
prevents the powder grains from caking. How- 
ever, in match and other industries that use po- 
tassium chlorate in a solution, potassium chlo- 
rate without the anticake is preferred. 


Potassium chlorate is a strong oxidizer at 
high temperatures. It burns with fuels like shel- 
lac, rosin, etc. to produce a high temperature 
flame and white smoke that consists of KCl 
particles. The fuel to oxidizer ratio is generally 
2:10 to give the highest flame temperature. The 
odor of chlorine or hydrogen chloride gas is not 
detectable. One gram of potassium chlorate 
produces 0.392 g of oxygen. This amount is 
similar to that of potassium nitrate. 


Potassium chlorate alone explodes with 
strong impact but not when initiated by a No. 6 
detonator. 


Potassium chlorate in a composition produces 
a flame temperature that is high enough to ex- 
cite molecules to emit colored light. It also con- 
tains chlorine atoms that are effective in deep- 
ening the color of the flame; (i.e., it can gener- 
ate the color producing molecules, SrCl, CuCl, 
BaCl, etc. in the flame). 


Potassium chlorate becomes quite sensitive 
in contact with red phosphorus and ignites very 
easily by friction. These properties are used in 
the manufacture of the striker portion of com- 
mercial matches. When potassium chlorate is 
mixed with sulfur or sulfur containing com- 
pounds like arsenic sulfide (realgar), antimony 
trisulfide, etc., the sensitivity to impact or fric- 
tion is greatly increased. According to the late 
Professor S. Yamamoto!! of Tokyo University, 
when a mixture of potassium chlorate and arse- 
nic sulfide was shaped into a small tablet, using 
a hand press, and the tablet was left sitting on a 
table, a little while later the tablet spontaneous 
ignited and burned. The same tests were tried 
several times and the results were the same. Dr. 
Yamamoto concluded that it was caused by in- 
ternal friction that occurs upon the relaxation of 
the crystals from of the stress produced by the 
press. 
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Potassium chlorate reacts with sulfuric acid 
to produce chlorine dioxide, ClO2, which is a 
heavy, yellow gas (about 2.3 times as dense as 
air); melting point: 10 °C; it decomposes explo- 
sively into chlorine and oxygen when exposed 
to sunlight, and it ignites any combustible mate- 
rial in contact with it. Accordingly, when a drop 
of 60% or more concentrated sulfuric acid is 
added to a mixture of potassium chlorate and 
sugar, it ignites spontaneously. 


According to Langhous"” potassium chlorate 
reacts with hydrochloric acid to produce chlo- 
rine dioxide, ClO,, and chlorine, Cl,, where the 
latter reduces the explosive tendency of the for- 
mer. In this way it is as dangerous as it is with 
sulfuric acid. Potassium chlorate does not react 
with nitric acid; however, if potassium chloride 
is present in the potassium chlorate, it causes a 
violent reaction with the generation of chlorine 
dioxide. Accordingly, the amount of potassium 
chloride that might be present as an impurity is 
significant. Potassium chlorate reacts less vio- 
lently with phosphoric acid than with hydro- 
chloric acid, but it also generates chlorine diox- 
ide. In view of this, the red phosphorus, which 
is used to manufacture toy pistol caps, etc., must 
be thoroughly purified from phosphoric acid. 


In a commercial sample of potassium chlo- 
rate Dr. Osada"! found 0.0002% of potassium 
chlorite and 0.016% potassium chloride, which 
increased gradually with exposure to sun light; 
in the sun during December the chlorite in- 
creased to 0.002% and under ultraviolet light 
after 500 hours the chloride increased to 0.16%. 
Potassium chlorite, KCIO., when potassium 
chloride, KCl, is present, ignites or explodes on 
contact with sulfur or a sulfide. Therefore the 
chlorite probably promotes the decomposition 
of KCIO; when it is heated. Of course, the 
amount of potassium chlorite or chloride may 
be too small to cause a spontaneous explosion, 
but exposure to ultraviolet light does degrade 
the quality of potassium chlorate. 


Potassium chlorate reacts with ammonium 
perchlorate and other ammonium salts in a wet 
state or in solution to produce ammonium chlo- 
rate, which forms colorless crystals and gradu- 
ally decomposes even below 100 °C [see am- 
monium perchlorate]. The late professor S. 
Yamamoto! pointed out that some forms of 
the asphaltum contain ammonia, and the use of 


Pyrotechnic Chemistry 


Chapter 2 — Page 5 


these types of asphaltum should be avoided in 
fireworks. In view of this asphaltum or pitch is 
not recommended for use in combination with 
potassium chlorate.'*"! 


Potassium chlorate begins to decompose to 
produce oxygen at about 70 °C by catalytic ac- 
tion in the presence of metal oxides such as 
manganese dioxide, copper oxide, etc. The re- 
action progresses quickly above 100 °C. In ad- 
dition, FeCl3, CuCl, Cr203 and K,Cr.O7 act as 
decomposition catalysts. 


It would be preferred to eliminate potassium 
chlorate from fireworks, but it is quite difficult 
because no other oxidizer can surpass potas- 
sium chlorate in burning speed, in ease of igni- 
tion or in sound production when using the 
smallest amount of composition. Match head 
composition cannot be made without it. Also it 
is absolutely necessary for some colored smokes, 
small crackers and various kinds of toy caps. 
Unfortunately, these articles tend to become a 
source of explosions, and potassium chlorate 
compositions must be treated with respect and 
caution. 


Potassium Nitrate, KNO; 


Molecular weight: 101.11; colorless with a 
rhombic crystal structure; specific gravity: 2.109 
(16 °C); makes a transition to the trigonal sys- 
tem at 129 °C; melting point: 339 °C; generates 
oxygen at temperatures above 560 °C; at about 
600 °C it generates a large amount of oxygen to 
become potassium nitrite: 


2 KNO; > 2KNO, + O» + (-58.5 kcal) 


Potassium nitrate is not particularly soluble 
in cold water, but its solubility increases as the 
temperature increases (13.3 g at 0 °C, 31.6 g at 
20 °C, 169 g at 80°C and 246 g at 100°C, in 
100 g of water). The aqueous solution is almost 
neutral; a commercially available product 
showed a pH of 6.2 (14°C) in a 10% aqueous 
solution. It is not very hygroscopic; fine grained 
commercial potassium nitrate absorbed only 
0.03% moisture at 10 °C and 80% relative hu- 
midity over 50 days. It is insoluble in alcohol. 
Potassium nitrate powder tends to cake gradu- 
ally. Most commercial potassium nitrate has an 
anticaking ingredient added that prevents the 
powder grains from caking. This form is handy 
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to use in most cases, but when it is used in a 
solution or when it is consolidated in a compo- 
sition using only pressure, without a binding 
agent (e.g., Black Powder in rocket propel- 
lants), it is better to use potassium nitrate with- 
out the anticaking agent. 


Potassium nitrate alone does not explode 
even with a strong impact. However, potassium 
nitrate mixed with red phosphorus is very sensi- 
tive to impact. This is explained thus: the im- 
pact of iron upon iron often causes it to ignite, 
but with iron and aluminum or iron and brass, it 
is difficult to ignite. The mixture burns with a 
flame, but it does not explode when ignited. 
Potassium nitrate is a strong oxidizer at high 
temperature. However, in mixtures with an or- 
dinary organic fuel (e.g., shellac or rosin) it 
burns irregularly—if at all, producing potas- 
sium nitrite in a liquid state. Used in this man- 
ner, |g of potassium nitrate produces about 
0.158 g of effective oxygen. But when potas- 
sium nitrate is mixed with charcoal and sulfur 
or with magnesium, it decomposes, and the 
amount of effective oxygen increases to the 
maximum value of 0.396 g. 


When potassium nitrate is used as the oxi- 
dizer in a composition, it does not produce a 
temperature high enough to generate a colored 
flame, except when combined with magnesium. 
However, it is useful for making good sparks. 


A small amount of potassium nitrate mixed 
into the powder of some combustible substance, 
like carbon powder, can burn for hours. 


The presence of potassium nitrate in dust 
makes it quite flammable and dangerous. The 
dust must be burned in small quantities. Potas- 
sium nitrate is not poisonous. 


Potassium Perchlorate, KCIO, 


Molecular weight: 138.55; colorless with a 
rhombic crystal structure; specific gravity: 2.524 
and this high value is worth noting. It makes a 
transition to the tetragonal system at about 
300 °C. The commercial material melts at about 
570 °C. At this temperature it decomposes gen- 
erating oxygen: 


KCIO, > KCl + 2.02 + (+0.68 kcal) 
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(In some books it is written as an endothermic 
reaction, but this is due to the difference in the 
heats of formation for KC]O, and KCl used in 
the calculation; KC1O, and KCl have almost the 
same heat of formation.) 


Potassium perchlorate is not very soluble in 
water, and the solubility does not change much 
with temperature (1.01 g at 0 °C, 1.06 g at 10 °C, 
1.68 g at 20 °C, 13.4 g at 80 °C, 22.3 g at 100 °C 
per 100 g of water). This presents some prob- 
lems with the recrystallization of this material. 
A solution of the commercial material is almost 
neutral (e.g., a 1% solution in water showed a 
pH value of 7.3 at 23 °C). 


Potassium perchlorate is almost non-hygro- 
scopic; but an experiment showed that it ab- 
sorbed 6% moisture in an atmosphere with 100% 
relative humidity at room temperature over a 
period of 10 days. At room temperature 0.008 g 
of potassium perchlorate is soluble in 100 g of 
ethanol and 0.105 g in 100 g of methanol. 


Crushed potassium perchlorate powder cakes 
gradually during storage, but it does not be- 
come as hard as potassium nitrate or chlorate. 


Potassium perchlorate alone explodes with a 
strong impact, but in the detonator test no ex- 
plosion occurs. 


Potassium perchlorate is a strong oxidizer at 
high temperatures. It is similar to potassium 
chlorate in that it burns with a fuel such as rosin 
in a mixture of about 10:2 ratio, producing a 
high temperature flame and a white smoke of 
KCI particles. It burns less easily with shellac. 
It is used for colored flame compositions, but 
the burn rate is not as great as with potassium 
chlorate compositions. On burning it does not 
smell of chlorine gas. The available oxygen per 
1 g of potassium perchlorate is 0.462 g, which 
is 1.18 times more than potassium chlorate. 


A spectral analysis showed that the color 
producing mechanism of flames due to potas- 
sium perchlorate is exactly the same as that of 
potassium chlorate. Therefore replacing potas- 
sium chlorate with potassium perchlorate in a 
composition causes no color change in the flame. 


Potassium perchlorate becomes sensitive in 
contact with red phosphorus; the mixture deto- 
nates with a loud noise when impacted between 
pieces of aluminum or bronze. When the mix- 
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ture 1s ignited, it detonates instantaneously. How- 
ever, match compositions or toy pistol caps can- 
not be made from compositions that contain 
potassium perchlorate in place of potassium 
chlorate, because the ignition is uncertain. When 
potassium perchlorate is mixed with arsenic 
sulfide, antimony trisulfide, sulfur, etc. it also 
becomes sensitive; arsenic sulfide greatly in- 
creases the sensitivity to friction. But the degree 
of sensitivity is not as great as it is with potas- 
sium chlorate. 


When potassium perchlorate is added to hy- 
drochloric acid or nitric acid, it causes no reac- 
tion. With concentrated sulfuric acid it smells 
only slightly of ClO, which is caused by some 
impurity such as KCl. A mixture of potassium 
perchlorate and a sulfide does not immediately 
ignite upon the addition of concentrated sulfuric 
acid; this is a principal difference from the po- 
tassium chlorate mixture.!™! 


According to Dr. Osada”! KCI, FeCl;, CuCh, 
Cr 03, KxCmO7, LiCl, etc. promote the decom- 
position of potassium perchlorate, similar to 
that of potassium chlorate. In particular Cr.O; is 
very effective at 410°C, and LiCl at 430 °C, 
but these temperatures are a little higher than 
they would be with potassium chlorate. 


Potassium perchlorate is far less likely to 
decompose under ultraviolet light than potas- 
sium chlorate (i.e., 1/10 the amount observed 
with potassium chlorate). 


Color Agents that also Serve as 
Oxidizing Agents 


These materials are the nitrates or chlorates 
of barium, sodium, strontium, etc. 


Barium Chlorate, Ba(C1O3;).*-H,O 


Molecular weight: 322.26; colorless, with a 
monoclinic crystal structure; specific gravity: 
3.18, becomes anhydrous at 120°C; melting 
point: 414°C. When it is heated above the 
melting point, it decomposes, generating oxy- 
gen as follows: 


Ba(ClO3)> => BaCl, + 3 O> 


Barium chlorate is soluble in water (20.3 g 
at 0 °C, 33.8 g at 20 °C, 84.8 g at 80°C, 105 g 
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at 100 °C per 100 g of water); its solubility in 
water is greater than that of potassium chlorate. 
It dissolves very little in either ethanol or ace- 
tone and is not hygroscopic. The powder cakes 
in much the same way as potassium chlorate. 


Barium chlorate alone explodes upon strong 
impact, but no reaction could be initiated with a 
No. 6 detonator. 


Barium chlorate burns well in combination 
with shellac in a weight ratio 10:2, producing a 
beautiful green colored flame. The spectrum 
consists of three clear bands of BaCl molecules, 
thus it has the ability to produce green color 
even in low temperature flames (without mag- 
nesium as fuel), and consequently it is regarded 
as the most superior green color producing 
agent. However more care must be taken when 
handling the material than with potassium chlo- 
rate. It is said that compositions that contain 
barium chlorate are more sensitive than compo- 
sitions that contain potassium chlorate and some- 
times result in spontaneous combustion in the 
direct sunlight. The oxygen obtained on burning 
amounts to 0.298 g per | g of barium chlorate. 


Acids, sulfur, arsenic sulfide, red phospho- 
rus and ammonium salts must not be mixed 
with barium chlorate. 


Barium Nitrate, Ba(NO3), 


Molecular weight: 261.35; colorless, with 
tesseral crystal structure; specific gravity: 3.24, 
which is 1.1 times greater than strontium ni- 
trate, 1.5 times greater than potassium nitrate 
and 1.3 times greater than potassium perchlorate. 
The melting point is said to be 592 °C, but a com- 
mercial sample melted at 552 °C. When it is 
heated above its melting point, it decomposes as 


Ba(NO; )o > Ba(NO>) + O, 
and 
Ba(NO2)2 — BaO + NO + NO, 


Barium nitrate is soluble in water (5.0 g at 
0 °C, 6.7 g at 10°C, 9.0 g at 20°C, 27.2 g at 
80 °C, 34.4 g at 100°C in 100 g of water). A 
5% solution of this material in water showed a 
pH value of 5.8. It is not very hygroscopic and 
is similar to potassium chlorate; it absorbs 
0.02% moisture in an average humidity of 84% 
and an average temperature of 25 °C over 10 
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days. It is insoluble in ethanol, but slightly 
soluble in methanol (0.07 g at 0 °C, 0.05 g at 
30 °C in 100 g of methanol). 


Powdered barium nitrate cakes to form a very 
hard mass almost like a stone and thus is diffi- 
cult to use. 


Barium nitrate alone cannot be ignited or 
caused to explode even with a strong impact. A 
mixture of barium nitrate and shellac in the 
weight ratio of 10:2 burns well producing a 
slight green colored flame. The color may be 
due to the barium monohydroxide (BaOH) 
molecule in the spectrum; this green light is too 
weak to be used for fireworks. When the mix- 
ture is loaded into a paper tube and burned, the 
flame is interfered with by ash that consists 
mainly of barium nitrite. However a mixture of 
barium nitrate and magnesium in the weight 
ratio 6:4 burns with whitish blue flame produc- 
ing almost no ash because of the complete de- 
composition of the barium nitrate due to the 
high temperature of the flame. 


2 Ba(NO;)) > 2BaO + Nz + 50, 


The oxygen produced with shellac is 0.061 g 
and that produced with magnesium is 0.184 g 
per | g of barium nitrate. 


Barium nitrate is an important color produc- 
ing agent for green and white flames. For ex- 
ample, we obtain an intense white light from a 
mixture of 65% barium nitrate and 35% magne- 
sium that contains no chlorine. On the other 
hand, when 20% (additional) PVC is added to 
the mixture, it gives a brilliant green light due 
to the action of the chlorine. 


Barium nitrate becomes a little sensitive 
when it is added to red phosphorus; it explodes 
on impact between iron and iron, it ignites with 
iron and brass, but does not easily ignite with 
brass and aluminum. Nevertheless, there are 
some occasions when it explodes; this means 
that when barium nitrate decomposes, it is 
sometimes more reactive than potassium nitrate 
or sodium nitrate. R. Lancaster'*”! lists a salute 
composition that uses barium nitrate as the oxi- 
dizer; 68% barium nitrate, 23% pyro aluminum 
and 9% sulfur. This kind of composition utilizes 
the reactive nature of barium nitrate. 
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Sodium Nitrate, NaNO; 


Molecular weight: 84.99; colorless with tri- 
gonal crystal structure; specific gravity: 2.257; 
melting point: 308 °C; decomposes above 380 °C 
generating oxygen and sodium nitrite: 


2 NaNO; > 2 NaNO, + O, 


Sodium nitrate is soluble in water (73 g at 
0 °C, 80.8 g at 10 °C, 87.6 g at 20 °C, 148 g at 
80 °C, 180 g at 100 °C in 100 g of water). The 
solubility is 1.8 times greater than strontium 
nitrate. A commercial sample showed a pH 
value of 8.6 at 18 °C. Its hygroscopic nature is 
not as great as some would suggest. A test 
showed that it absorbed 0.92% of moisture at 
84% relative humidity over 10 days, which is 
less than strontium nitrate. It is slightly soluble 
in alcohol, very slightly soluble in acetone. 


Sodium nitrate powder is produced by 
crushing the crystals, so it also cakes gradually 
but does not become as hard as potassium ni- 
trate or potassium chlorate. 


Sodium nitrate alone does not explode from 
a strong impact. It burns well in combination 
with shellac in the weight ratio 10:2, producing 
transparent liquid drops at the burning surface, 
which consist of mainly sodium nitrite. It burns 
in combination with magnesium in the weight 
ratio 6:4, then completely decomposes produc- 
ing neither liquid drops nor a cinder column. 
The oxygen available from its decomposition to 
sodium nitrite amounts to 0.188 g. When it 
completely decomposes, it produces 0.424 g per 
1 g of sodium nitrate. The reaction of the latter 
may be 


2 NaNO; > N+ 2NaO + 2 Or 


Sodium nitrate gives an intense yellow light 
and has been used for illumination. In combina- 
tion with magnesium it burns well without pro- 
ducing either cinder or sparks in a wide range 
of fuel to oxidizer ratios (i.e., the ratio can vary 
from 3:7 to 8:2). This is a superior characteris- 
tic, which is not present in any other composi- 
tion. 


A mixture of sodium nitrate and red phos- 
phorus is more sensitive to mechanical action 
than that of potassium nitrate and red phospho- 
rus. The sodium nitrate and red phosphorus 
mixture ignites or explodes from an impact of 
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iron and iron. In the case of iron and brass it 
does not explode, but only burns; with brass 
and aluminum it is difficult to ignite. 


A mixture of sodium nitrate and dust is very 
flammable, and precautions must be taken to 
avoid fire. 


Strontium Nitrate, Sr(NO3), 


Molecular weight: 211.63; colorless with 
tesseral crystal structure; specific gravity: 2.986, 
which is |.4 times greater than potassium nitrate, 
and |.2 times greater than potassium perchlorate. 
The high density is one of the characteristics of 
strontium nitrate; melting point: 570°C; decom- 
poses on heating as follows: 


Sr(NO3)2 > Sr(NO2)2 Ts O, 
and then 
Sr(NO3)2 — SrO + NO + NO, 


Strontium nitrate is soluble in water (40.1 g 
at 0 °C, 89.4 g at 35 °C, 93.4 g at 60 °C, 96.9 g 
at 80°C, 104.9 g at 105 °C in 100 g of water). 
A substantial amount of strontium nitrate dis- 
solves in water even at room temperature, how- 
ever, the solubility does not increase much with 
and increase in temperature and at about 100 °C 
it is less than that of potassium nitrate. It is al- 
most insoluble in ethanol or acetone. 


Strontium nitrate also exists as a tetrahy- 
drate, Sr(NO3)2°4H,O; it can be obtained by 
recrystallization from a solution in water, how- 
ever, it becomes anhydrous above 100 °C. 


The solution of strontium nitrate in water is 
almost neutral; 10 g dissolved in 100 g water 
produced a pH value of 7.0 at 25 °C. The anhy- 
drous salt is somewhat hygroscopic like ammo- 
nium perchlorate. A well dried sample passing 
80 mesh absorbed 1.61% of moisture at 84% 
relative humidity. Powdered strontium nitrate 
gradually cakes, but not to the same extent as 
potassium nitrate or potassium chlorate. When 
caked strontium nitrate is heated to 200-300 °C, 
it becomes a dry powder again. 


Strontium nitrate alone does not explode even 
with a strong impact. Strontium nitrate burns in 
combination with shellac in the ratio 10:2 pro- 
ducing a red flame, but it also produces a large 
amount of solid ash. When the composition is 
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packed into a paper tube and burned, the ash 
remains as a solid chimney and interferes with 
the flame to the point of extinguishing it. In such 
cases burning does not cease, but progresses 
without a flame. The ash consists mainly of 
strontium nitrite, Sr(NO,)». 


When a mixture of strontium nitrate and 
magnesium in a weight ratio of 6:4 burns, stron- 
tium nitrate decomposes completely due to the 
high flame temperature and produces little ash. 
The decomposition may be as follows: 


Sr(NO3)2 —> SrO + No + 2.5 O, + 
(-92.15 kcal) 


The oxygen produced by | g of strontium ni- 
trate is 0.076 g for a low temperature flame, but 
0.189 g in a high temperature flame. Accord- 
ingly, strontium nitrate is used only as a color 
agent for low temperature flame compositions 
and as both color agent and oxidizer for high 
temperature flame compositions. 


Strontium nitrate is an important color pro- 
ducing agent for red flames. Some recommend 
lithium nitrate for red flames, but the light from 
the flame is too weak for practical use as a re- 
placement for strontium nitrate. 


Strontium nitrate mixed with red phosphorus 
ignites from an impact between iron and iron or 
iron and brass, but it does not easily detonate. It 
is difficult to ignite it by impact with brass and 
aluminum. 


A mixture of strontium nitrate and alumi- 
num often degenerates producing ammonia and 
NO, gas. This tendency is common with other 
nitrates except ammonium nitrate (see alumi- 
num). Dust that contains strontium nitrate is 
flammable, and the same precautions must be 
taken as with other oxidizers. 


Color Producing Agents 


Color producing agents give color to flames 
by producing light emitting atoms or molecules 
in the flame. These color generating atoms or 
molecules are produced as part of the chemical 
reaction in the flame; they are not produced by 
vaporizing materials in an original form in the 
composition. For example, a green flame is not 
obtained by adding barium chloride, BaCh, to 
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the composition, but rather by the creation of 
barium monochloride (BaCl) molecules in the 
flame by chemical reactions in the presence of a 
barium salt and HCl molecules. 


Metal salts are generally used for color 
agents; only rarely would a metal powder be 
used (e.g., copper powder for blue flames). The 
metal salts consist of a metallic ion (a cation) 
and non-metallic ion (an anion); however, the 
color donor is the cation (e.g., strontium gives 
red, sodium—yellow, barium—green, and cop- 
per—blue). The anion has almost no influence 
upon the color. For example, Sr(NO3)2, SrCO3, 
SrC,0.4, SrClo, etc. produce almost the same 
color effect. However, the anions do have an 
influence upon the flame temperature; generally 
the nitrate anion (NO; ) increases the flame 
temperature, and thus increases the brilliancy of 
the light. However, other anions decrease both 
the flame temperature and the brilliancy. The 
flame temperature affects the excitation of the 
color producing molecules. In general the 
higher the temperature, the greater the number 
of excited molecules, and the anions exercise an 
indirect influence on the color of the flame by 
influencing the temperature. 


Therefore the amount of color producing 
agent that is added to a composition, except for 
nitrates, should be kept as small as possible 
without diminishing the color effect. The limit 
may be 10 to 20% of the weight of the compo- 
sition. 


Red Color Producing Agents 


Strontium Carbonate, SrCO, 


Molecular weight: 147.63; colorless with 
rhombic crystal structure or fine powder; spe- 
cific gravity: 3.70; makes a transition at 920— 
927 °C to the hexagonal system; melting point: 
1497 °C at 60 atm. 


Strontium carbonate is not very hygro- 
scopic; it absorbed only 0.65% moisture in 10 
days at an average temperature of 25 °C and an 
average humidity of 84%. When heated, stron- 
tium carbonate changes into strontium oxide 
and generates carbon dioxide gas. The oxide is 
a white amorphous powder that changes into 
strontium hydroxide in the presence of moisture: 
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SrCO; > SrO + CO, 
SrO + H,O — Sr(OH): + (+ 14.7 kcal) 


When a red star composition is burned, the 
ash often slowly becomes wet due to the hygro- 
scopic nature of strontium hydroxide, Sr(OH))p. 


Strontium carbonate can be mixed with po- 
tassium chlorate. 


Strontium carbonate is almost insoluble in 
water (0.001 g per 100 g of water at 24 °C). 
The solution is alkaline and the pH was 8.9 at 
35 °C. If a composition consists mainly of alu- 
minum and nitrates, including strontium car- 
bonate, such an alkaline mixture has a risk of 
spontaneous decomposition in a damp state. 
Strontium carbonate dissolves in water as the 
bicarbonate, if the water contains CO>. 


Strontium carbonate in a composition pro- 
duces carbon dioxide gas when it burns rather 
than oxygen. Too much strontium carbonate in 
a composition can decrease the burning rate and 
brilliancy of the flame; a 10 to 15% content 
may be the best. 


Strontium Oxalate, SrC,0,°-H,O 


Molecular weight: 193.66; colorless crystal- 
line powder; specific gravity: 2.08; almost in- 
soluble in water (0.0046 g at 18°C, 5g at 
100 °C per 100 g of water); almost insoluble in 
alcohol; slightly soluble in water that contains 
an ammonium salt. It contains one mole of wa- 
ter of crystallization per mole, but loses its wa- 
ter at 150 °C. Strontium oxalate decomposes on 
heating as follows: 


SrC,0, — SrO + CO, + CO 


In fact the product has a reducing action due to 
CO. As a result, it reduces solid particles of 
MgO to magnesium gas in the flame produced 
by a composition that contains magnesium: 


MgO) + CO — Mgg) + COr 


This decreases the continuous spectrum due to 
the solid particles and makes the flame more 
clear for the production of good color. When 
magnesium is used in the composition, stron- 
tium oxalate may be more useful than strontium 
carbonate, however, when magnesium is not 
used, it seems that strontium carbonate is supe- 
rior. 
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Orange Color Producing Agent 


Calcium Carbonate, CaCO, 


Molecular weight: 100.09; colorless, amor- 
phous and heavy powder; hardly soluble in wa- 
ter (0.008 g at 0°C and 0.005 g at 20 °C per 
100 g of water). If the water contains carbon 
dioxide, it is more soluble producing the bicar- 
bonate: 


CaCO; + HCO; —> Ca(HCO3). 


When calcium carbonate is heated, it pro- 
duces carbon dioxide gas above 700 °C, and at 
900 °C almost completely: 


CaCO; — CaO + CO, 


Calcium carbonate in contact with ammo- 
nium perchlorate causes a reaction quite slowly 
in the presence of moisture: 


CaCO; a5 2 NH.uClO, = 
Ca(ClO4)2 + 2 NH; + H,.0 + CO, 


Calcium carbonate produces an orange 
flame and often is used for toy fireworks, etc. as 
a substitute for strontium salts. 


Yellow Color Producing Agents 


Sodium Bicarbonate, NaHCO, 


Molecular weight: 84.01; colorless with 
monoclinic crystal structure; specific gravity: 
2.2; forms sodium carbonate on heating, gener- 
ating carbon dioxide gas; soluble in water (6.5 g 
at 0°C, 8.8¢ at 20°C, 13.8g at 60°C per 
100 g of water). Over 65 °C in water it actively 
generates carbon dioxide gas to become sodium 
carbonate. Sodium bicarbonate solution in wa- 
ter is slightly alkaline; the pH value of a satu- 
rated solution at 24°C was 8.1. Sodium bicar- 
bonate has been used in Japan for compositions 
that contain potassium chlorate. It does not de- 
crease the burning rate as much as the sodium 
carbonate. In a wet state it reacts actively with 
magnesium and less actively with aluminum, 
generating hydrogen gas. As a result, sodium 
bicarbonate cannot be used for compositions that 
contain magnesium or aluminum. 
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Sodium Carbonate, Na,CO; 


Molecular weight: 105.99; colorless powder; 
specific gravity: 2.53; melting point: 851 °C; 
more soluble in water than sodium oxalate 
(7.1 g at 0 °C, 21.6 g at 20 °C, 45.5 g at 100 °C 
per 100 g of water). 


A pH value for 10 g sodium carbonate dis- 
solved in 100g of water was 12.7 at 24 °C, 
which is quite strongly alkaline. 


Sodium carbonate absorbs some moisture; a 
test showed that it absorbed 10.74% moisture at 
an average relative humidity of 84% at an aver- 
age temperature of 25 °C over 10 days. 


Sodium carbonate corrodes magnesium or 
aluminum in the presence of moisture; accord- 
ingly it is not recommended to use it as an in- 
gredient in a composition that contains magne- 
sium or aluminum. It decreases the burning rate 
of the composition remarkably. Coloration with 
this material is so effective that it can be used in 
small amounts. Sodium carbonate is quite 
strongly alkaline, so it cannot be used in com- 
positions that do not work well under alkaline 
conditions. 


Sodium Chloride, NaCl 


Molecular weight: 58.44; colorless with 
tesseral crystal structure; specific gravity: 2.164; 
melting point: 800.4 °C; boiling point: 1413 °C; 
soluble in water (26.28 g at 0°C, 26.37 ¢ at 
20 °C, 28.12 g at 100°C per 100 g of water); 
the solubility does not vary much with tempera- 
ture. It is insoluble in alcohol or ether. The ma- 
terial can be rather hygroscopic due to impuri- 
ties. A solution in water is a little alkaline; a pH 
value of a 10% solution in water was 9.6 at 
25 °C. So-called “Table Salt” is not hygro- 
scopic, but the pH value of a 10% solution was 
10.8 at 26 °C, and the solution contained some 
insoluble matter. 


Sodium chloride loses its hygroscopic nature 
on heating and can be used for firework compo- 
sitions. However it is not recommended for 
compositions that contain metal powder or those 
that are used or stored in a metal container. 
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Sodium Oxalate, Na,C,0,4 


Molecular weight: 134.00; colorless crystal- 
line powder; specific gravity: 2.34; soluble in 
water (3.4 g at 20 °C, 6.3 g at 100 °C per 100 g 
of water). The pH of a saturated solution in wa- 
ter was 6.1 at 24 °C. It is barely soluble in alco- 
hol. It causes no reaction with aluminum and a 
small reaction with magnesium; this is an im- 
portant feature that is quite different from that 
of sodium chloride or sodium bicarbonate. A 
test showed that it absorbed no moisture at an 
average relative humidity of 84% at an average 
temperature of 25 °C over 10 days. 


Green Color Producing Agent 


Barium Carbonate, BaCO, 


Molecular weight: 197.35; colorless with a 
hexagonal crystal structure; specific gravity: 
4.43; makes a transition to a tesseral crystal 
structure at 982 °C. When it is heated to high 
temperature, it decomposes generating carbon 
dioxide gas, but the partial pressure of the gas 
reaches | atm at 1350 °C. The solubility in wa- 
ter is small, but somewhat greater than that of 
strontium carbonate (0.0022 g at 18 °C, 0.0065 g 
at 100 °C). A pH value of a saturated solution 
was 9.9 at 20 °C; thus it is more alkaline than 
strontium carbonate. 


Barium carbonate produces a pretty green 
flame in a composition that contains ammonium 
perchlorate as the oxidizer, and the color is bet- 
ter than that produced using barium nitrate. 


Blue Color Producing Agents 


Basic Copper Carbonate, 
Type I: CuCO;-Cu(OH), 
Type II: 2CuCO;-Cu(OH), 


There are two types of basic copper carbon- 
ate, I and II. In fireworks type I is commonly 
used. It has a molecular weight of 221.11, is 
rather dark green, consisting of a monoclinic 
crystal structure; specific gravity: 4.0; decom- 
poses: 200 °C; insoluble in water. The green 
coat (patina) on weathered copper consists of 
this substance. It occurs naturally as malachite. 
Type IJ occurs naturally as azurite; specific 
gravity: 3.77—3.83 and varies from light blue to 
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a deeper blue. Because of its pretty color, it is 
used as pigment. 


Basic copper carbonate cannot produce as 
good a good blue as copper acetoarsenite, but it 
is not easily airborne and is not so poisonous. It 
is well suited to ammonium perchlorate compo- 
sitions or high temperature flame compositions, 
especially where HCl gas is produced in the 
flame. 


Copper Acetoarsenite (Paris Green), 
3CuO-As20; + Cu(CH3;COO), 


Copper acetoarsenite is also called “emerald 
green”. It is a pretty green powder with very 
fine particles; insoluble in water; its wash water 
is slightly acidic; stable against sunshine and 
weathering; soluble in acid; ammonia solution, 
decomposes by alkali; not hygroscopic. 


Copper acetoarsenite is used in Japan in al- 
most all blue compositions at present because it 
produces a very pretty blue. Note that the extra 
fine powder easily becomes airborne, and the 
chemical is quite poisonous. Care must be taken 
not to inhale this substance. 


Copper Arsenite, CuH AsO; 


Molecular weight: 187.51; light yellow green 
powder of extra fine particles. Insoluble in water, 
but soluble in acid or ammonia solution. It col- 
ors a flame blue almost as well as copper ace- 
toarsenite. It is almost non-hygroscopic. It is 
also poisonous and care must be taken as in the 
case of the acetoarsenite. It can be used in com- 
bination with chlorates. 


Copper Powder, Cu 


Copper powder is a reddish powder with 
pretty metallic luster. Atomic weight: 63.55; 
specific gravity: 8.9; melting point: 1083 °C; 
boiling point: 2595 °C. Gradually it becomes 
coated with a film of basic copper carbonate in 
the wet state due to the action of moisture and 
carbon dioxide gas in the air. When it is added 
to a composition that contains ammonium per- 
chlorate, a pretty blue flame is obtained; 5% 
copper powder is adequate. Unfortunately, am- 
monium perchlorate reacts with copper powder 
generating heat and ammonia gas in the pres- 
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ence of moisture, so the composition must be 
well protected from moisture. 


Copper Sulfate, CuSO,4-5H,O 


Molecular weight: 249.69; blue with a tri- 
clinic crystal structure; specific gravity: 2.286. 
When it is heated, it changes to a trihydrate at 
30 °C, the monohydrate at 110°C, and it be- 
comes anhydrous at 150°C. The molecular 
weight of the anhydrous salt is 159.61. It is 
soluble in water or alcohol. This material is a 
strongly acidic salt, and it must not be used in 
combination with chlorates. A mixture of cop- 
per sulfate and red phosphorus in a wet state 
gradually rises in temperature until it undergoes 
spontaneous ignition. It can be used in combi- 
nation with nitrates or perchlorates. 


Copper sulfate is less expensive than copper 
acetoarsenite and produces a pretty blue color 
in combination with ammonium perchlorate, 
which is almost as good as the color produced 
by copper acetoarsenite. Another advantage is 
that it is not easily scattered, due to its density. 
Anhydrous copper sulfate absorbs moisture 
strongly, so it is also used as a desiccating 
agent, however it does not become wet. 


Combustion Agents (Fuels) 


Accroides Resin (Red Gum) 


The burning rate of accroides resin as com- 
pared to shellac is as follows (see Table 1). 


Table 1. Comparison of Burning Rate 
between Shellac and Accroides Resin. 


Burning Rate (mm/s) 
____ | Shellac | Accroides | Density 
Oxidizer | (20%) |Resin( 20%)| (g/cm’) 
1.6 2.0 
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The sample compositions were charged in a 
powdered state. The significant importance of 
accroides resin is that it burns quite well with 
potassium perchlorate in comparison with shel- 
lac. The burning rate of the accroides resin is 
generally faster than that of shellac as seen in 
Table 1. This is quite good for chrysanthemum 
stars. 


Aluminum, Al 


Atomic weight: 26.982; specific gravity: 
2.699; melting point: 660°C; boiling point: 
about 2270 °C. The heat of combustion in an 
excess of oxygen is 7130 kcal per kg. This value 
is 690 kcal lower than that of carbon, which 
generates 7820 kcal of heat per 1 kg. However, 
aluminum does not produce as much gas as 
carbon, and the heat is well concentrated in the 
composition, which results in a high reaction 
temperature. 


Aluminum powder is used in Japan in two 
forms; flake aluminum, which is a brilliant sil- 
ver and consists of small flat plates, and atom- 
ized aluminum, which looks whitish grey and 
consists of spherical or pebble-like grains. The 
spherical is less ignitable than the flakes; only 
flakes are popular in fireworks. The flakes re- 
flect infrared and ultraviolet rays. 


Aluminum is chemically stable in the air, 
because its surface is covered by a film of alu- 
minum oxide, which protects the aluminum 
from corrosion. It is also stable in water or 
weak acid at room temperature, because the 
surface is covered by a film of its hydroxide 
Al(OH)3. However, when wet aluminum pow- 
der is kept at a higher temperature, it can sud- 
denly cause a violent reaction over a few hours 
(see Table 2), because the film of the hydroxide 
is broken as it dissolves into the water. In a 
strong acid, aluminum dissolves, except in the 
case of an oxidizing acid like nitric acid, which 
makes a film of oxide on the metal surface that 
protects it from corrosion. Aluminum is easily 
corroded by alkaline substances (e.g., by so- 
dium carbonate), but there is little corrosion 
with sodium bicarbonate. 
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Table 2. Comparison of the Resistance of Aluminum, Magnalium and Magnesium against 
Various Salts in the Wet State at Room Temperature. 


P| Aluminum Magnalium Magnesium 


Distilled water 


Note: (1) 
1 O {Noreactionoccurs. 1 Xx | Attacked considerably. | 
I'S | Very slightly attacked but useful in practice. | XXX | Attacked actively. | 
1X [Atackedslowly. | XXXX | Attacked violently. | 


(2) Samples were used in a powdered state. 
(3) 50/50 magnalium was used. 


(4) () denotes the resistance when heated to about 60 °C. 
It also often occurs spontaneously at room temperature in summer. 


Aluminum reacts with nitrates, except with 
ammonium nitrate, in the presence of water to 
produce H>, NH3, and NO, gas. The reaction 
proceeds slowly at ordinary temperatures, but 
when the temperature rises to about 80 °C it 
becomes tremendously violent. In this case a 
large amount of heat is generated, and it accel- 
erates the reaction even more, and sometimes it 
causes spontaneous ignition. A mixture of alu- 
minum powder (flake) and a nitrate in the 
weight ratio 50:50, to which 35% additional 
water is added, seems to be the most reactive. 
When a weak acid like boric acid is added to 
the mixture to keep its pH value at 4.7—5.1, the 
reaction is suppressed. (See Table 3) 


The symbol « in Table 3 indicates that the 
composition did not decompose when heated 
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for a long time. It must be noted that wet alu- 
minum powder will decompose without other 
chemicals when it is heated for a long time. 
Glutinous rice starch does not react with alumi- 
num. 


Potassium nitrate, strontium nitrate, barium 
nitrate or sodium nitrate cause the most violent 
reaction in combination with aluminum, but as 
it has been stated above, ammonium nitrate 
does not cause such a reaction. (See Table 2.) 


Aluminum reacts with potassium chlorate or 
perchlorate in the presence of moisture to gen- 
erate hydrogen gas. The reaction proceeds very 
slowly at room temperature, but is accelerated 
above 85 °C. This reaction is not as violent as 
that of aluminum and a nitrate. Aluminum does 
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Table 3. Comparison of the Suppressing Effect of Weak Acids on the Decomposition of Wet 
Aluminum Powder and Wet Compositions with 5 mL Water Added that Contain Aluminum 


(100 g Samples in a Warm State). 


Additional %) | for Test °C 


100% Al 


90% Al, 10% GRS 


26% Al, 64% KCIO3, 10% GRS 


23% Al, 68% KCIO3, 10% S, 9% GRS 


29% Al, 62% KCIO3, 9% GRS 


40% Al, 50% KCIO,, 10% GRS 


40% Al, 50% KNO3, 10% GRS 


40% Al, 50% Ba(NO3)2, 10% GRS 


Note: Al = fine flake aluminum; GRS = glutinous 
BA = boric acid; GA = gum Arabic. 


not react with ammonium perchlorate or starch 
(e.g., glutinous rice starch) in the presence of 
moisture. 


The flake aluminum on the market generally 
contains an oily impurity such as stearine. In- 
soluble matter after digestion in hydrochloric 
acid is hardly detectable. The mesh size of the 
aluminum is selected according to use. For “re- 
port” compositions very fine flake aluminum is 
used. For fire dust, coarse flakes are often used; 
the size of flakes has an influence upon the life 
of the fire dust. The flake aluminum on the 
market passes 170-270 mesh and the thickness 
of a flake is about 0.3 — 2.0 microns. For water- 
falls flakes of about 5mm in diameter are 
added to the ordinary flake aluminum. 


Amber Powder (Kunroku) 


“Kun” means smell and “Roku” came from 
the name of the district “Rikuchu” where this 
material is produced. It is used for incense 


Start of 


Acid Added Temperature Decomposition 


No acid 
No acid 


1.0% BA 


No acid 


1.0% BA 
6.0% GA 


1.0% BA 
No acid 


1.0% BA 


rice starch; AA = acetic acid; 


sticks. It seems to be a fossil resin, but the qual- 
ity is not as good as the Baltic amber. In Eng- 
lish it is called “amber powder”, but the chemi- 
cal composition is said to be rather different 
from the Baltic amber. This material is yellow- 
ish or dark brown 


Antimony Trisulfide, Sb2S; 


Molecular weight: 339.70. It is stable in a 
rhombic prismatic crystal structure, which have 
a black grey metallic luster; specific gravity: 
4.64; melting point: 548 °C; dissolves in alkali 
sulfide, concentrated hydrochloric acid, and 
alkali. It has another unstable form, an orange 
red amorphous substance, which has a specific 
gravity of 4.64; melting point: 548 °C; dis- 
solves in ammonium sulfide and potassium sul- 
fide. When it is heated to 200 °C in carbon di- 
oxide gas, it changes to the stable form. 


The heat of combustion is about 1000 kcal 
per | kg of antimony trisulfide, when Sb,S; is 
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oxidized to SO, and Sb,0;; this is equal to 
about half of the heat of combustion for sulfur. 
The maximum purity of natural antimony trisul- 
fide is about 88%, and the practical heat of 
combustion may be lower than that. 


Antimony trisulfide burns in combination 
with ammonium perchlorate to produce a 
slightly green flame (when burned with sulfur it 
produces a slightly red flame) and can generate 
red brown smoke in combination with potas- 
sium nitrate and charcoal. 


When antimony trisulfide is slowly dropped 
on the surface of potassium chlorate, the tem- 
perature rises gradually by self-heating, then it 
ignites as soon as the chlorate begins to melt at 
about 360 °C. (arsenic sulfide reacts similar to 
antimony trisulfide; whereas sulfur ignites less 
quickly, even at 500 °C.) Therefore it may be 
said that antimony trisulfide is more ignitable 
than sulfur. 


A mixture of antimony trisulfide and an oxi- 
dizer is generally sensitive to impact and fric- 
tion. Roughly speaking antimony trisulfide is 
less sensitive than sulfur or arsenic sulfide to 
impact, but it has a higher friction sensitivity 
than sulfur and a lower friction sensitivity than 
arsenic sulfide. Generally friction must be taken 
into consideration in the ordinary handling of 
firework articles, and from this point of view it 
may be thought that antimony trisulfide lies 
between sulfur and arsenic sulfide in sensitivity. 
With potassium chlorate it is sensitive to both 
impact and friction; with potassium perchlorate 
it is sensitive to friction, but quite insensitive to 
impact; with ammonium perchlorate, on the 
contrary, arsenic sulfide is insensitive to fric- 
tion, but as sensitive to impact as it is with po- 
tassium chlorate; with potassium nitrate it is 
insensitive to both impact and friction. 


Arsenic Sulfide (Realgar), As,S, 


The powder of arsenic sulfide is orange; 
with a monoclinic crystal structure, the fracture 
of which has a fat-like luster; specific gravity: 
3.4-3.9; melts in the range from 308 to 320 °C; 
boiling point: 565 °C. It makes a transition 
from a (red) to B (black) at 267 °C. The o form 
has a specific gravity of 3.506 and the B form is 
3.254. The heat of formation is 40.3 kcal per 
mol. It is slowly oxidized by the air especially 
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in the sun producing orpiment, As2S3, and ar- 
senious acid, As,O3. Namely 


3 AS»S> + 3/2 O, =2 As»S3 + As,O; 


In this case the arsenic sulfide powder changes 
color from red to yellow. 


Arsenic sulfide is insoluble in water, but when 
it is boiled in water, it changes to As2S3 gener- 
ating hydrogen sulfide gas. When it is treated 
with dilute bromine water, it becomes arsenious 
acid. When it is treated with an iodine solution 
in carbon disulfide it becomes arsenic iodide, 
AsI,. When it is boiled in nitric acid, it becomes 
arsenic acid and sulfuric acid. When it is treated 
with a dilute ammonia solution, no change oc- 
curs, but with a concentrated ammonia solution, 
the crystal surface is attacked. It is only slightly 
soluble in carbon disulfide or benzene. 


When arsenic sulfide is mixed with an oxi- 
dizer, it becomes generally quite sensitive to 
impact and friction, which could lead to an ex- 
plosion. But the degree of sensitivity differs 
very much depending upon the kind of me- 
chanical action (i.e., impact or friction) and the 
kind of oxidizer. In combination with potassium 
chlorate it is quite sensitive to both impact and 
friction. When an amount of water is added to 
the mixture, it suddenly loses its sensitivity, but 
even up to 15% water content (a muddy state) it 
is not perfectly safe for handling. Alcohol does 
lower the sensitivity. In combination with po- 
tassium perchlorate it is sensitive to friction, but 
not very sensitive to impact; with ammonium 
perchlorate, to the contrary, it is sensitive to 
impact, but not very sensitive to friction; the 
difference between the two is quite clearly ob- 
served. With potassium nitrate it is generally not 
very sensitive to either kind of action, impact or 
friction, and the sensitivity to impact is almost 
the same as that of potassium perchlorate. 


Arsenic sulfide is used for report composi- 
tions for relatively small items utilizing the high 
sensitivity in combination with chlorate. It is 
also used for yellow smoke compositions, be- 
cause it boils at a relatively low temperature as 
stated above. 


Pyrotechnic Chemistry 


Charcoal 


Charcoal is used for many purposes, for ex- 
ample to obtain an explosive force, as a fuel 
producing a large amount of heat and gas in 
combination with an oxidizer, to adjust the 
burning rate of compositions, to obtain sparks 
or fire dust, to modify the ignition characteris- 
tics of compositions, to increase the brightness 
of flames, or simply as a combustion agent that 
helps the burning of compositions. 


Charcoal is not soluble in any chemical and 
it does not melt. Charcoal, including the hemp 
coal, belong to the so called amorphous carbon 
allotrope. This material has many atoms in a 
parallel row. The main fine structure of the car- 
bon is a plate on which carbon atoms are placed 
like a hexagonal net (one hexagon is 20-30 A 
in length), and these fine structures fold at ran- 
dom. The microstructure under the electron mi- 
croscope consists of a mass that has many par- 
allel small holes. Charcoal contains a small 
amount of hydrogen and oxygen. A highly car- 
bonized charcoal is written as C29H,O, the weight 
ratio of the elements, C:H:O, amounts to 91:3:6. 


Hemp Coal. This is a black fine powder that 
has a somewhat hygroscopic feeling; apparent 
specific gravity: 0.22g/cm’. The dye adsorption 
power is the greatest of all the kinds of plant 
charcoal. A mixture of hemp coal, sulfur and 
potassium nitrate burns to produce a violet 
flame and less fire dust than pine charcoal. It is 
used to obtain a large force of explosion as a 
component of Black Powder or in combination 
with potassium chlorate or perchlorate for the 
bursting charge of chrysanthemum shells. 


It is more hygroscopic than pine charcoal; 
this may be caused by a phosphorus compound 
that is commonly found in cultivated plants. 
One analysis showed 9.15% moisture and 8.64% 
ash, and the carbon content may be less than 
82%. Such a low carbon content is a defect of 
this material, and the ash contains Si, Cu, K, Al 
and phosphorus compounds. The wash water 
(5 g of hemp coal in 30 mL of water) showed a 
pH value of 10.5, and it changes the color of 
phenolphthalein to red. The purification of 
hemp coal by washing it with water takes a lot 
of time, because the filtration is very slow due 
to its alkaline nature. The particle size of com- 
mercial hemp coal is less than 20 microns, but 
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it is better to sieve it before use to remove for- 
eign matter. 


Paulownia Charcoal. This is a light pow- 
der; quite dusty; apparent specific gravity: 
0.12 g/cm*. This value is the lowest for all the 
kinds of charcoal presently available. The dye 
adsorption power in water lies between pine 
charcoal and hemp coal, which has the greatest 
absorption power. One analysis showed that it 
contained 4.9% moisture and 2.5 ash. The pH 
value of the wash water (5g of charcoal in 
30 mL of water) was 7.5. A mixture of the pau- 
lownia charcoal, sulfur and potassium nitrate 
burns as well as the pine charcoal, but it pro- 
duces less fire dust than the pine charcoal. Pau- 
lownia charcoal is one of the most superior 
kinds of carbon particle as a Black Powder 
component for producing power, but it is not 
cheap, and for some time it has been replaced 
by hemp coal. Recently paulownia charcoal has 
recovered its use again because of the decrease 
in the culture of hemp. 


Pine Charcoal. This is a very fine black pow- 
der; apparent specific gravity: about 0.37 g/cm’. 
The adsorption power of dye in water is quite 
small, which may show that it is not very po- 
rous. One analysis showed that it contained 
7.07% moisture, 1.05% ash. The pH value of 
the wash water (5 g of charcoal in 30 mL of 
water) was 7.7. Pine charcoal burns in combina- 
tion with ammonium perchlorate at a fuel to 
oxidizer ratio of 2:10 producing a yellow flame, 
but no sparks or fire dust. A mixture of pine 
charcoal, sulfur and potassium nitrate in the 
weight ratio 30:10:60 burns producing pretty 
orange red fire dust. This characteristic is gen- 
erally seen with other charcoals but pine char- 
coal produces the prettiest fire dust of all. On 
the other hand, the phenomenon shows that 
pine charcoal does not complete the reaction 
and produces less gas in Black Powder-type 
compositions. Therefore pine charcoal is used to 
produce fire dust and not to obtain force. Com- 
mercial pine charcoal generally passes 300 mesh. 


Dextrin, (C6H19Os)n°xH2O 


Dextrin is a white or yellowish powder or 
grains; soluble in water, but not soluble in alco- 
hol or ether. A brownish material is sometimes 
also sold. Dextrin is not crystalline and always 
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contains some insoluble starch, not as much in 
the yellowish dextrin, as in the white. Dextrin 
does not have much cohesive strength so it is 
not widely used as a binding agent in firework 
compositions in Japan, but it is used as the fuel 
for colored smoke compositions. When it comes 
in contact with heated potassium chlorate, it 
reacts with the chlorate at 342°C, which is 
higher than that of lactose or sucrose. Dextrin 
burns more easily than starch. 


Ferro-Silicon 


Ferro-silicon powder has a black gray metal- 
lic luster. It is reactive with alkali solution and 
dissolves in it, generating hydrogen gas. It is 
stable against ordinary acids. 


Ferro-silicon is used for red thermite as an 
ignition composition. The more silicon present, 
the more the heat of combustion increases. 


Iron Filings, Fe 


Iron filings are used for producing sparks. 
The branching of the sparks is different based 
on the carbon content of the iron. Carbon burns 
explosively in melted iron; this causes the 
branching of the iron particle into a spark. 
When the carbon content is less than 0.20%, 
sparks seldom occur. As the carbon content in- 
creases up to 0.7—0.8%, the iron particles are 
activated more and more to produce many large 
sparks. A greater carbon content is not as effec- 
tive."°' Tron that contains 0.7% carbon melts 
about 1300 °C. 


When iron filings are used as a component 
of a spark composition, corrosion is a signifi- 
cant problem (i.e., the production of sparks de- 
creases the longer the items are stored). This 
effect is worse in acidic conditions but is not as 
bad under alkaline conditions. However, the 
corrosion does not occur without air and mois- 
ture. Therefore the composition must be kept in 
a dry state as much as possible, and the filings 
must be coated with some material. Table 4, 
with information about coatings for magne- 
sium, may be helpful for suggested coatings. 
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Lactose (Milk Sugar), CyH2.01;;H,0 


Lactose is contained in milk; the solid matter 
in milk contains about 40% lactose (milk sugar). 
There are two forms of the molecular configu- 
ration; a and B. Ordinary milk contains a and B 
in the ratio 4:3. The molecular weight: 360.32; 
specific gravity: 1.525; melting point: 202 °C (a) 
and 252 °C (B ); moisture content: about 5%, 
which increases to about 7% at high humidity. 
It is soluble in water, but not as much as other 
sugars; almost insoluble in alcohol. When it 
comes in contact with heated potassium chlo- 
rate, it reacts with the chlorate at 322 °C, which 
is lower than the melting point of the chlorate, 
368 °C. This ignition temperature is somewhat 
higher than that of sucrose, but lower than that 
of wheat or potato starch. For this reason lac- 
tose is favored more than wheat or potato starch 
as a fuel for colored smoke compositions. 


Lampblack (Pine Black) 


The lampblack used in Japan is obtained by 
the incomplete burning of pine wood, and it 
consists of very fine particles. It contains a 
small amount of tar, and when water is added to 
the powder, it floats on the water and the two 
cannot be easily mixed together. A mixture of 
lampblack, sulfur and potassium nitrate in the 
ratio 25:15:60 burns producing a reddish violet 
flame, but with no sparks or fire dust. As a 
component of Black Powder it produces quite a 
large force of explosion. The particles are so 
fine that it distributes well into a mixture, even 
if the amount is small. This characteristic is a 
great advantage as an ignition agent. As a com- 
ponent of the Senko-Hanabi composition, it 
creates a big spark with many branches and has 
been used for this from olden times. Its high 
price is the major problem with its use. 


Carbon Black Used for Industry. This is 
different from lampblack. It is made from natu- 
ral gas, acetylene gas, anthracene or coal tar; 
specific gravity: 1.8 to 2.1 g/em*; contains car- 
bon with a graphite structure; the crystalline 
nature can be observed by X-ray techniques. It 
is rather difficult to burn in the air, and it did 
not produce sparks in Senko-Hanabi when it 
was tested by the author. 
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Magnalium, MgAl 


Magnalium is an alloy of aluminum and 
magnesium. It is a silver mass, which is easily 
crushed to powder with an iron mortar. The 
magnalium powder that is currently available 
commercially contains 50% aluminum and 50% 
magnesium. This is a solid solution of Al;Mg> 
in Al,Mg;; specific gravity: about 2.0; melts at 
about 460 °C. It is called 50/50 magnalium. 


Magnalium is also attacked by various salts 
in the wet state or in the presence of moisture, 
but the degree of attack lies in general between 
those of aluminum and magnesium. Table 2 
shows the comparison. 


The 50/50 magnalium powder produces 
pretty yellowish white sparks, which branch 
like pine-needles, when it is mixed in a Black 
Powder-type composition and ignited. It burns 
smoothly in combination with chlorate or per- 
chlorate, producing a brilliant flame and a small 
amount of fire dust sparks. With nitrates, how- 
ever, magnalium does not burn smoothly, but 
vibrationally especially with barium nitrate or 
strontium nitrate. Therefore, it is difficult to use 
this item as an illuminant, but it is admired as 
material for spark or stars with vibrational burn- 
ing (strobe stars). 


Magnesium, Mg 


Atomic weight: 24.312; specific gravity: 1.74, 
melting point: 650 °C; boiling point: 1107 °C. 
Magnesium has a lower specific gravity than 
aluminum; it has the same melting point but a 
lower boiling point. Magnesium burns well in 
combination with an oxidizer, even if the oxy- 
gen content is not enough for complete combus- 
tion, because magnesium is easily vaporized 
and burns with a large long flame reacting with 
oxygen in the air. The flame is easily colored 
by a color producing agent (i.e., the flame tem- 
perature is so high that the color producing at- 
oms or molecules in the flame are highly ex- 
cited to produce a clear and pretty color). It can 
produce colored flame even in combination with 
only a nitrate, which is peculiar to magnesium. 


The heat of combustion per | g of magne- 
sium is 6000 kcal, which is not as high as that 
of aluminum. 


Pyrotechnic Chemistry 


Chapter 2 — Page 19 


Magnesium powder is slowly oxidized at the 
surface, and it loses its metallic luster. Cold 
water reacts very slowly with magnesium, but it 
is quite active with hot water; when the water is 
cold, magnesium hydroxide is formed on the 
surface to protect the metal from corrosion, but 
in hot water, the hydroxide dissolves to allow 
the reaction: 


Mg + 2H,0 — Mg(OH), + Hp 


At room temperature, alcohol and acetone do 
not react with magnesium, but they react slowly 
with heat. 


Magnesium is violently attacked by various 
kinds of acid and even by a weak acid (e.g., 
boric acid or acetic acid). This is a quite differ- 
ent property from aluminum. Strong alkali (e.g., 
sodium hydroxide) reacts with magnesium very 
slowly and even with heat there is little activity. 
It is thought that a film of magnesium hydrox- 
ide formed on the surface of the metal interferes 
with the reaction. 


Magnesium is attacked by various salts as 
well as sulfur in the presence of moisture or 
water. Based on the order of reactivity, first is 
copper sulfate, which reacts violently with mag- 
nesium generating hydrogen gas. Both ammo- 
nium nitrate and ammonium perchlorate react 
violently with magnesium generating ammonia 
gas. In this case, quite hygroscopic magnesium 
nitrate or perchlorate is formed. If a composi- 
tion contains magnesium and ammonium per- 
chlorate or nitrate, it is rapidly destroyed in the 
presence of moisture. However, in a well dried 
state, the reaction scarcely occurs and the com- 
position can be stored for a long time. Sodium 
bicarbonate is a weakly alkaline salt, but it re- 
acts considerably with magnesium generating 
hydrogen gas. Sodium carbonate is more alka- 
line than the bicarbonate and less active than 
the bicarbonate with magnesium. Sodium ox- 
alate is unexpectedly reactive with magnesium. 
Sulfur quite slowly attacks magnesium generat- 
ing hydrogen sulfide, H.S, gas. Both potassium 
chlorate and sodium chloride react rather ac- 
tively with magnesium; potassium perchlorate 
reacts less actively than potassium chlorate or 
sodium chlorate; potassium nitrate reacts very 
slowly, and at room temperature it looks as if 
no reaction occurs at all; barium nitrate, stron- 
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tium nitrate or potassium dichromate cause no 
reaction. 


It has already been suggested that the above 
reactions do not occur in practice if the materi- 
als are well dried. Therefore, compositions that 
contain magnesium as a component must be 
kept very dry if they are to be stored for a long 
time. 


Magnesium is also attacked by some organic 
materials, especially by organic acids that are 
dissolved in alcohol or acetone. Wood rosin FF 
is the most reactive; however, shellac, accroides 
resin (red gum) or combustion agent BL cause 
almost no reaction. 


Coating of magnesium powder. When mag- 
nesium powder is used as a component of fire- 
work compositions, it must be protected from 
the actions of moisture and chemicals by coat- 
ing the grains with a suitable material. The 
coating must be used in a proper ratio of the 
material to the magnesium powder to avoid co- 
agulating the powder. Generally 2 to 5% addi- 
tional weight of the material is used. The coated 
magnesium powder is sieved one or two times 
before the coating material becomes hard. Ta- 
ble 4 shows the degree of resistance obtained 
by different coating materials against various 
chemicals. 


Coating with potassium dichromate is car- 
ried out as follows: 50 g of potassium dichro- 
mate is dissolved in 300 mL of hot water. 
1000 g of magnesium powder is heated to about 
100 °C in an air oven for one hour. It is placed 
in a large aluminum bowl and the hot solution 
of potassium dichromate is added to the magne- 
sium. It is quickly mixed stirring by hand with 
gloves until the powder is colored uniformly 
brown. Then the powder is spread on a Kraft 
paper and dried well in the sun. When dried, it 
is passed through a 30 mesh sieve. The dust 
must not be inhaled because potassium dichro- 
mate is poisonous. 


According to Table 4, each of the coatings is 
effective against moisture or water. Against 
chemicals, the resistance depends on the kind of 
coating material. Against ammonium perchlo- 
rate only the potassium dichromate coating is 
generally used. This coating is almost perfectly 
chemical proof. The linseed oil coating is quite 
effective for almost all chemicals except am- 
monium perchlorate. The paraffin coating is 
also unexpectedly useful. The polyester coating 
is not as effective as the paraffin coating; even 
when the amount of the polyester is increased 
to the additional ratio of 25 weight percent, the 
resistance remains almost unchanged. 


Table 4. Chemical Resistance of Magnesium Coatings (Tested in Wet State at Room 


Temperature). 


0.1 N HCl 

1N NH,ClO, 
0.5 N KCIO, 
015 N —— 


“TN ite 
1N Na ,CO3 
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Pine Root Pitch 


Pine root pitch is a black mass that softens at 
40 to 60 °C and is glossy rather like coal pitch. 
It is insoluble in water, but partly soluble in 
alcohol. Owing to the low softening tempera- 
ture, powdered pine root pitch cakes like wood 
rosin FF during storage. 


One analysis showed that pine root pitch 
contained 75% C, 17% O, 7% H and 0.8% ash. 
The carbon content is somewhat less and the 
oxygen content is more than that of wood rosin 
FF. Pine root pitch therefore interferes with the 
flame color less than wood rosin FF or the 
combustion agent BL. It burns in combination 
with ammonium perchlorate at a fuel to oxi- 
dizer ration of 2:10 producing a brilliant white 
flame. When it is used in combination with po- 
tassium perchlorate, it produces a burning rate 
that is as fast as that of chlorate compositions. It 
is therefore very useful as a fuel for non- 
chlorate compositions for chrysanthemum stars. 


Red Phosphorus, P 


Red phosphorus is a red brown powder, 
which has no odor, but if it contains yellow 
phosphorus, it smells like ozone; specific grav- 
ity: 2.20; ignites: 260 °C; melting point: about 
550 °C, when it is rapidly heated in the absence 
of air. It is insoluble in water or carbon disul- 
fide. Dissolves in nitric acid to become phos- 
phoric acid. 


Red phosphorus is not poisonous. If com- 
mercial material absorbs moisture and slowly 
becomes wet, this indicates that the red phos- 
phorus contains a trace of yellow phosphorus, 
which is poisonous. The yellow phosphorus is 
gradually oxidized by the oxygen in the air to 
phosphoric acid. Red phosphorus needs to be 
purified before it is used. 


When a drop of 90% nitric acid is added to 
red phosphorus, it ignites instantaneously. Red 
phosphorus reacts with copper sulfide in the 
presence of moisture, generating heat, which 
causes spontaneous ignition. Red phosphorus 
does not react with dilute or concentrated sulfu- 
ric acid. Also it is not reactive with other sul- 
fides; K,SO4, KHSO,, etc. 
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Red phosphorus is said to be a mixture of 
violet phosphorus, imperfect violet phosphorus 
and amorphous phosphorus.""7! 


Red phosphorus burns in the air producing a 
pretty yellow flame, at the top of which the 
white smoke of phosphorus pentoxide is gener- 
ated. This property is used for a day and night 
signal. The flame spectrum probably results 
from PHO molecules; 1 6436-4879 A."*! 


Red phosphorus alone is ignited by a strong 
impact in the air. Red phosphorus becomes 
quite sensitive especially to friction and ignites 
or explodes easily when it is mixed with an 
oxidizer. This property is more pronounced with 
red phosphorus than with arsenic sulfide, and it 
is used for matches. Table 5 shows a series of 
qualitative tests. 


Care must be taken since KCIO3, KC1O, and 
NH,CI10, are quite sensitive to friction and im- 
pact with red phosphorus. 


Red phosphorus that is scattered on the floor 
cannot be removed completely by washing with 
water because of the fineness of the particles 
and its insolubility in water. Accordingly one 
must have a workroom that is used exclusively 
for red phosphorus. The same care must be taken 
with tools, furniture, fixtures, clothing, etc. 


A trace of yellow phosphorus tends to be- 
come phosphoric acid in the air, absorbing 
moisture during storage. This acid corrodes 
many kinds of metals, cotton and other materi- 
als. Stainless steel (18-8 chrome-nickel) can be 
used with red phosphorus without corrosion. 
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Table 5. A Series of Qualitative Tests for Mixtures of Red Phosphorus and an Oxidizer To 
Determine Sensitivity to Impact and Friction Using a Hammer and Anvil of Different Kinds of 
Metal. 


Hammer: — 


Friction 


Note (1) The iron hammer is a 255 g block that is 20 mm in diameter with a 300 mm long handle. 
The brass hammer is a 140 g block that is 20 mm in diameter with a 300 mm long handle. 
The impulsive force of impact corresponds more or less to that of a | kg drop hammer from a height of 
18 cm. 
The pressure of the friction test amounts to about | kg. 


Note (2) The ratio of red phosphorus to oxidizer is about 1:5 by weight. 
Note (3) Symbols: 


Rosin (Colophony, Common Rosin, Wood 
Resin-Pine, Resin-Colophony) 

There are three kinds of rosin at present: “gum 
rosin”, “wood rosin”, and “tall oil rosin” Rosin 
contains -COOH and double bonds in its mo- 
lecular structure. Rosin contains mainly cyclic 
compounds as follows. 
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H,C\ COOH 


CH 
hd ic at 
3 


Levoabietic acid 


H.C. /COOH 


CH 
ed a 
3 


Dextroabietic acid 


Rosin is slowly oxidized in the air, but it 
does not seem to be problematic for firework 
use. It can be used safely in combination with 
chlorates. There are many kinds of rosin prod- 
ucts, each of which has a slightly different 
burning character from the others. The two 
most popular items are described here. 


Combustion Agent BL. This was named by 
H. Murai, who first introduced this substance 
into firework use in Japan after World War II. It 
is sold as a dark brown powder. It melts at 
82 °C, and this melting point is 10 °C higher 
than that of wood rosin FF. This material seems 
to correspond to a product sold by Hercules Inc. 
in the USA. Another chemical difference be- 
tween this material and wood rosin FF may be 
in the acid value (the number of milligrams of 
potassium hydroxide required to neutralize the 
acid (-COOH) contained in 1 g of the material); 
the acid value of this material is about a half of 
that of wood rosin FF. 


Powdered combustion material BL does not 
cake during storage. From the melting point 
(82 °C) to 200 °C it remains in a liquid state 
without any change; upon further heating, it is 
carbonized producing a combustible gas. These 
characteristics produce stable combustion in 
any composition, a superior characteristic that 
cannot be obtained from wood rosin FF. It is 
insoluble in water, but soluble in alcohol and 
especially in acetone. Wash water (100g of 
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water per 10 g of BL rosin) showed a pH value 
of 5.1 at 15 °C. 


It burns in combination with ammonium 
perchlorate at a fuel to oxidizer ratio of 2:10 
producing a brilliant white flame. This shows 
that it contains a large amount of carbon. When 
small grains of the combustion agent BL are 
dropped one by one on melted potassium ni- 
trate, which is gradually heated to raise the 
temperature, the grains melt without ignition 
and are carbonized up to 480 °C and at higher 
temperatures it finally ignites. It can produce a 
greater burning rate in compositions than shel- 
lac. Because of the high carbon content, it 
should be used in a quantity that does not inter- 
fere with the color of the flame. 


Wood Rosin FF. This is the so called “Yo- 
Chan”, which means a foreign resin in Japa- 
nese, is the most popularly used resin in Japan. 
It is a slightly yellowish mass. When it is pow- 
dered, it gradually cakes. It melts at 72 °C and 
remains in a clear liquid state up to about 
200 °C without any color change. When it is 
heated further, it vaporizes without carboniza- 
tion. Having such character, it melts and enve- 
lopes the surface of oxidizer particles to cause 
an interruption or irregularity or even delay in 
the combustion of compositions when it is used 
alone as the fuel. 


One analysis showed that it contained 
75.77% C, 15.35% O, 8.81% H and 0.07% ash. 
In comparison with shellac, it has more carbon 
and less oxygen. The excess carbon produces a 
very bright flame that interferes with the pro- 
duction of color. For example, it burns in com- 
bination with ammonium perchlorate at a fuel 
to oxidizer ratio of 2:10 producing a bright 
white flame. As a result, this is used only as a 
partial substitute for shellac. 


When small grains of the wood rosin FF are 
dropped one by one on melted potassium ni- 
trate, which is gradually heated to raise the 
temperature, the grains melt without ignition 
and are only vaporized up to 460 °C; at higher 
temperatures they ignite. Clearly there are diffi- 
culties in the combustion of this material; in 
fact it is not combustible in a solid or liquid 
state, but only in the vaporized state. This is 
where it differs from shellac. With potassium 
chlorate it ignites in excess of 404 °C. 
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Shellac 


The principal component of shellac is trihy- 
droxypalmitic acid, 


CH(CH2); (CHOH);COOH 


This is a chain compound, but another kind of 
ring compound, C,s;H29Ox¢, is contained in shel- 
lac. One analysis showed that shellac contained 
7.00% C, 23.87% O and 9.00% H, and a for- 
mula C,¢6H 04 was applied to it. 


The most remarkable characteristic of shel- 
lac is that the carbon content is smaller, and 
hydrogen content is larger than that of other 
fuels (e.g., rosin). Apart from the 4 molecules 
of water, H.O, which should be formed at burn- 
ing, it contains an additional 9 molecules of 
hydrogen, H2; consequently when it is burned 
in combination with an oxidizer, a lack of oxy- 
gen in the flame does not cause the generation 
of carbon particles. In addition, a high flame 
temperature is obtained by the reaction of the 
hydrogen during combustion. This is the reason 
why shellac is regarded as a superior fuel for 
colored flame compositions. It burns in combi- 
nation with ammonium perchlorate at a fuel to 
oxidizer ratio of 2:10, creating a slight reddish 
orange flame. 


Treated shellac is sold as yellowish orange 
flakes. The melting point is not clearly defined, 
but it softens at 50 to 90°C to a liquid state, 
and is blackened at 180 °C, losing its adhesive 
power. When heated, it decomposes and is car- 
bonized with the generation of flammable gas. 


When a small grain of shellac is dropped on 
the surface of melted potassium nitrate, the ni- 
trate directly reacts on the shellac at the contact 
surface. In this case the surface of the potas- 
sium nitrate begins to move radially from the 
grain (see Figure 1). 


Shellac is insoluble in water; soluble in al- 
cohol, acetone and turpentine; and it slowly ab- 
sorbs paraffin and swells up. The solution in 
alcohol is popular as shellac varnish. Shellac can 
be used in combination with chlorates. Shellac 
powder does not cake as much during long term 
storage; but a loaded composition that contains 
shellac and paraffin or oil degenerates or shrinks 
slowly, and it sometimes causes an unexpected 
rapid burning through the gap created between 
the composition and the container. 
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Figure 1. Decomposition of shellac on the 
surface of melted potassium nitrate. 


Silicon, Si 


Atomic weight: 28.06. Three forms of sili- 
con are produced; amorphous, crystalline and 
graphite-type. The crystalline form has a black 
gray metallic luster; specific gravity: 2.4. The 
graphite-type form is black with a specific grav- 
ity of 2.7. All forms have the same crystal 
structure; melting point: 1420 °C; boiling point: 
2335 °C; it is insoluble in water. The amount of 
heat generated upon oxidation is 7300 kcal per 
1 kg of silicon, which is equal to 0.9 times the 
amount per | kg of carbon. This is almost the 
same as that of aluminum, but it is not used for 
reports because not much noise is produced. 
Silicon is stable against acid but is attacked by 
alkali, generating hydrogen gas. Silicon is used 
for red thermite in combination with red lead 
oxide (minium) (e.g., in a weight ratio Pb304:Si 
= 7:3). 


Silicon conducts electric current as well as 
graphite; the electric resistance decreases as the 
temperature rises. 


Starch, (C6H19Os)n 


Starch is a white powder. If it is brownish, it 
may contain some impurities such as an iron 
salt, etc. Moisten the samples with a small 
amount of water or alcohol and observe it 
through a microscope, and it will be found that 
it consists of small grains that differ from each 
other in shape and size according to the kind of 
starch. For example the grains of potato starch 
are egg shaped, which is 0.06—0.1 mm in diame- 
ter (0.07 mm on average). The grains of wheat 
starch are spherical and 0.01—0.04 mm in di- 
ameter (0.028 mm on average). When heated, it 
burns without melting. It is insoluble in cold 
water, but soluble in hot water or hot alcohol to 
form a paste. The water temperature needed to 
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dissolve starch is about 66-80 °C and higher, 
which varies based on the kind of starch. 


There are many kinds of starch: potato, sweet 
potato, corn, wheat, rice, adder’s tongue lily, 
bracken, etc. For fireworks, potato or wheat 
starch is used as a fuel, especially as the low 
temperature fuel for smoke compositions. (Rice 
starch is used as a binding agent.) It must be 
noted that commercial starch is sometimes mixed 
with a trace of ultramarine for a pure white ap- 
pearance. 


The heat of combustion of starch amounts to 
about 3400 kcal per | kg, which is almost equal 
to half of that of carbon or aluminum. Although 
the heat is quite low, it is favored for low tem- 
perature combustion (i.e., it allows smoke com- 
positions to burn below about 500 °C to avoid 
the decomposition of dyes). 


The amount of moisture contained in starch 
increases as the grain size of the starch increas- 
es; potato starch contains about 15% and wheat 
starch about 14% moisture. When the humidity 
increases, the moisture content increases fur- 
ther; 20-30% in potato starch and 18-27% in 
wheat starch at 80-90% relative humidity.!"*! 


Sucrose (Cane Sugar), Cy, H»O1, 


Sucrose consists of colorless crystals with a 
monoclinic crystal structure; specific gravity: 
1.558; it softens like wheat gluten at 160 °C and 
is caramelized at 200°C. Sucrose contains 
about 1% moisture and at high humidity ab- 
sorbs more moisture and can dissolve into a 
liquid state. It is very soluble in water; it dis- 
solves in an amount of water of 1/3 of the 
weight of the sugar. Sucrose is insoluble in al- 
cohol or acetone. When it comes in contact with 
heated potassium chlorate, it reacts with the 
chlorate at 307 °C, which is the lowest of all 
carbohydrates used at present for fireworks. 
Sucrose therefore is quite useful as a fuel for 
colored smoke compositions to produce good 
colored smoke. The only problem with sucrose 
lies in its hygroscopic nature, and at present it is 
used less than lactose. 
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Sulfur, S 


Atomic weight: 32.06. There are two or 
three allotropes. The sulfur used at ordinary 
temperature and pressure is a, which is yellow- 
ish with a rhombic crystal structure; specific 
gravity: 2.07. The a form of sulfur makes a 
transition to B sulfur at 95.5 °C. The B form of 
sulfur is yellow brown with a monoclinic crys- 
tal structure; melting point: 118.95 °C; specific 
gravity: 1.96. There are two kinds of liquid 
state; A and up. Sulfur boils at 444.55 °C. The 
molecules of the vapor state are Ss, which 
change to S, at 1000 °C. 


Sulfur does not conduct electricity, but it is 
easily charged by static electricity. For fire- 
works use the sulfuric acid content must be kept 
low especially if it is used in combination with 
chlorate. The acidity should be tested with blue 
litmus paper to see whether the wash water of 
the sulfur changes its color to red or not. 


Sulfur ignites at 223 °C in the air. Because 
of this relatively low ignition temperature, sul- 
fur is sometimes used for firework composi- 
tions due to its ease of ignition. Sulfur is used 
as a raw material for Black Powder in combina- 
tion with potassium nitrate and charcoal, and it 
is also used for white smoke compositions. 


A composition that contains sulfur and some 
oxidizer is generally sensitive to impact and 
friction. The highest degree of sensitivity is in 
combination with potassium chlorate; next is 
ammonium perchlorate; third is potassium per- 
chlorate; and nitrates are even less sensitive. 
With any oxidizer sulfur gives a higher ignition 
sensitivity than charcoal. The combustion heat 
amounts to 2162 kcal per 1 kg of sulfur, which 
is 1/3 as large as that of carbon. 


Titanium, Ti 


Atomic weight: 47.90; melting point: about 
1800 °C; boiling point: 3262 °C. Titanium fil- 
ings are quite stable against water, moisture or 
the various other chemicals that are used in py- 
rotechnics. The filings are quite reactive at high 
temperatures (over a red heated state) and pro- 
duce pretty yellowish white sparks when they 
are mixed with a Black Powder-type composi- 
tion. 
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In Japan a Fe-Ti alloy in various mesh sizes, 
which contains more than 80% titanium, is cur- 
rently used. 


Titanium produces brilliant fire dust sparks 
having a relatively long life that cannot be ob- 
tained with other materials. 


Wood Meal 


Wood meal is a slightly yellowish powder 
which smells of wood; apparent specific gravity 
is about 0.18. The chemical composition is re- 
garded as C7H,,Os, which is almost the same as 
that of cellulose or starch. 


When heated, it is carbonized producing a 
combustible gas. It burns in combination with 
ammonium perchlorate at a fuel to oxidizer ra- 
tio of 2:10 producing a flame in which slight 
orange red lines are visible. The burning tem- 
perature is lower than that of shellac or rosin. 
Accordingly the brightness of the flame is not 
as great as with shellac or rosin. It somewhat 
reduces the caking of powdered compositions 
during storage. 


Wood meal is used for industrial explosives 
and also as an anticaking agent, etc. It is quite 
inexpensive and does not interfere with the 
color of flames. It is used mainly for lance 
compositions. A standard test indicated: less than 
13% moisture; 6.5-8.5 cm’/g apparent specific 
volume; 97% of the meal passes 30 mesh; less 
than 1.4% ash.!"*! 


Zinc Dust, Zn 


Atomic weight: 65.37; melting point: 419 °C; 
boiling point: 907°C; specific gravity: 7.14. 
Zinc is a grey powder, the particles of which 
are somewhat oxidized at the surface. 


Zinc dust is stable against water or moisture, 
because the film of zinc hydroxide, Zn(OH), or 
basic zinc carbonate, 2ZnCO3:3Zn(OH),, that 
forms on the particle surface protects the metal 
from corrosion. It is not easily soluble in so- 
dium hydroxide solution in water, but it is solu- 
ble in a weak alkali solution such as sodium 
carbonate or bicarbonate generating hydrogen 
gas. It is also easily soluble in an ammonia so- 
lution to form a complex salt, [Zn(NH3)4](OH)>. 
Zinc is attacked by chlorides, but not by ammo- 
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nium perchlorate. The main use for zinc is in 
white smoke, which is created by zinc chloride 
particles. Zinc dust is quite reactive with hexa- 
chloroethane in the presence of moisture or wa- 
ter, and it often causes a fire when manufactur- 
ing smoke composition. It is thought that a trace 
of hydrochloric acid in the hexachloroethane 
causes the reaction. 


Dyes 


Dyes are used mainly for smoke. The dyes 
for smoke should be in a solid state at ordinary 
temperatures, have a relatively low boiling point 
(200-400 °C) and be thermally stable. 


Auramine 


NH-:HCl 


(CH,),N <_)—-C—X_)~ NICH), 


Auramine is a representative diphenylmeth- 
ane dye; melting point: 250 °C; then begins to 
vaporize; boiling point: 290 °C where it is partly 
carbonized. The commercial material is gener- 
ally hygroscopic. 


Auramine produces smoke of pure yellow 
and is used alone or in combination with other 
dyes to obtain green or other colored smokes. 
When it is used alone for yellow smoke, it looks 
somewhat weaker than arsenic sulfide in yel- 
lowness. The HCI salt of auramine is soluble in 
water. 


A smoke composition that contains auramine 
and potassium chlorate is said to cause sponta- 
neous ignition," but when the composition is 
in a well dried state, this should not be a prob- 
lem. The reason is not clear, but it may come 
from the ammonium chloride that is used for 
manufacturing auramine and that remains in it 
as an impurity. As described above, the mixture 
of an ammonium salt and potassium chlorate 
creates ammonium chlorate, which easily de- 
composes. 
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Indigo Pure 
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The designation “pure” means the artificial 
indigo rather than the natural one. This is a dark 
violet powder; specific gravity: 1.39; sublimes 
above 300°C generating violet red vapor. In 
this case the commercial dye leaves a small 
amount of black residue. It is insoluble in ace- 
tone but soluble in benzene. 


Indigo pure is a stable dye, which gives a 
blackish blue smoke, but when the burning tem- 
perature of the smoke composition is too high, 
it decomposes to generate yellow grey smoke. 


Oil Orange 


OH 


Dyes that are soluble in oil are popularly 
prefixed with the word “oil” as part of the com- 
mercial name. 


Oil orange is soluble in oil and belongs to 
the same class as para red or oil red. It is a red- 
dish orange or dark orange powder, insoluble in 
water, soluble in alcohol producing an orange 
color, soluble also in acetone producing an or- 
ange color; melting point: 100°C; begins to 
vaporize: 200°C; boiling point: 270°C. Oil 
orange is more stable with heat than para red. 
The substance sometimes causes an eruption on 
the skin. Perhaps this is because it dissolves 
into the fat of humans since other kinds of dyes, 
which dissolve in oil, generally have a similar 


property. 
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Oil Red 


Oil red is a naphthol dye that contains one 
azo base, -N=N-, in the molecule like para red. 
It is a bright red powder, insoluble in water, 
soluble in alcohol and in acetone producing an 
orange red color; melting point: 165 °C; begins 
to vaporize: 270 °C; boiling point: 330 °C. Oil 
red is more stable with heat than para red and is 
not as easily damaged. 


The color of the smoke of oil red is orange 
red and to obtain a good red smoke it is used in 
combination with rhodamine B. 


Oil Yellow 


< S—-n=n—<_)>-NCH,), 


Oil yellow is used for smoke and is some- 
what reddish, but a pretty yellow, and is used in 
place of auramine. It is insoluble in water, but 
soluble in oil. The name “Butter Yellow” comes 
from the fact that it is used for coloring marga- 
rine. Soluble in alcohol or acetone; melting 
point: 105 °C; begins to vaporize: 200 °C; boil- 
ing point: 350 °C. 


Para Red (p-nitroaniline red) 


OH 


Para red is a type of naphthol dye that con- 
tains one azo base, -N=N-, in the molecule. It 
is a bright red powder; insoluble in water and 
alcohol; melting point: 210 °C; vaporizes from 
about 230°C; boiling point: 280°C, being 
partly carbonized. As a component of smoke 
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compositions it is easily damaged by heat even 
at relatively low temperatures; this is a defect of 
this dye, and it may be caused by the NO, base 
contained in the molecule. 


The smoke color of para red is orange red, 
and generally it is not used alone, but in combi- 
nation with rhodamine B for red smoke. 


Phthalocyanine Blue 
| ] 
/o= N- N—-C, 
N Cu N 
\ oS Z 


Phthalocyanine blue resembles in molecular 
structure hemin, which is contained in hemo- 
globin and chlorophyll 


Fé ‘vig 
”% 2% 
—-N N- —-N N- 
| | | 
Hemoglobin Chlorophyll 


Phthalocyanine blue is a bright cobaltic blue 
powder; specific gravity: 16. It is quite stable 
and is generally used as a pigment. Insoluble in 
water or alcohol, very slightly soluble in ace- 
tone, producing a yellow color. When heated it 
does not easily decompose, but sublimes above 
500 °C. When heated for a long time below 
500 °C, it decomposes slowly to generate white 
smoke. This dye produces smoke of a very 
pretty bright cobaltic blue. The daylight firework 
display has become remarkably better from the 
use of this dye in place of indigo, which gives 
only a dark blue smoke. 


Phthalocyanine blue is well vaporized by us- 
ing only a strong heat producing agent (e.g., a 
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mixture of carbohydrate and potassium chlo- 
rate) in quite a large quantity, because it is not 
very easily vaporized. Accordingly care must 
be taken because fire often remains in the ash 
after the smoke composition has burned out. If 
a weak heat producing agent such as celluloid is 
used in combination with this dye, it produces 
only a low temperature decomposition, which 
only generates white smoke. 


This substance contains copper and burns in 
combination with ammonium perchlorate with a 
blue flame. 


Rhodamine B 


(C,Hs),— N “COlr N*(CjHs),CI-] HCI 
(> COOH 


The base of Rhodamine B is a red powder, 
which is not soluble in water, but soluble in 
alcohol producing a red solution. The HCI salt, 
which is sold commercially as “Rhodamine B”, 
is a very fine violet black powder with yellow 
green fluorescence; soluble in water to produce 
a deep red violet color; also soluble in alcohol 
producing a red solution; melting point: 270 °C; 
boiling point: 310°C, but it begins to smoke 
gradually with the temperature rise from the 
melting point and is carbonized partly without 
vaporizing. The smoke particles of rhodamine 
B from a smoke composition are insoluble in 
water. 


The solution of rhodamine B is acidic, the 
pH value being 2.5—3.0 for a 1% solution in wa- 
ter, but its use in combination with potassium 
chlorate does not cause any trouble. This dye 
has a serious problem in that it stains every- 
thing that comes into contact with it. 


The base, which is insoluble in water, can be 
used for smoke in place of the HCl salt, but it 
burns less easily than the smoke composition that 
contains the HCl salt. Moreover the base is not 
as cheap as the HC] salt because the manufactur- 
ing plant has to be modified for the purpose. 
The smoke color of rhodamine B is violet red. 
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Anthracene, C,4H 19 


Molecular weight: 178.24; specific gravity: 
1.250; melting point: 216.2 °C; boiling point: 
342 °C; insoluble in water, and slightly soluble 
in alcohol (0.076 g per 100 g of ethanol at room 
temperature). Purified anthracene has pure white 
snow-like crystals, but is generally somewhat 
yellowish. In summer it sometimes causes trou- 
ble for workers because it produces a skin erup- 
tion, but this varies with the composition. It is 
used for compositions of black smoke. 


Benzene Hexachloride (BHC), CsH¢Clg 


Six isomers are separated from industrial 
products; a, B, y, 6, ¢, ¢. They have slightly dif- 
ferent physical characteristics. Only the y BHC 
is effective as an insecticide. Industrial products 
generally contains 55-80% a BHC and only 8- 
15% y BHC. The y BHC, which is isolated from 
the industrial products to more than 99% purity 
is called “Lindane”. It is best to use the by- 
product from the manufacture of Lindane for 
firework material. 


BHC has white crystals; specific gravity is 
about 1.9; y melting point: 112-113 °C, and B 
the highest: 309-310 °C. All the isomers are 
insoluble in water, but more or less soluble in 
alcohol, ether or acetone. 


When BHC is heated, it vaporizes without 
carbonization. It is difficult to ignite BHC or its 
vapor in the air, but once ignited, it burns gen- 
erating soot and HCI gas. Therefore it is used as 
an HCl producing agent and reducing agent for 
colored flames. But it is not as effective as 
PVC. However for strobe effects BHC is used 
in place of PVC, because BHC does not inter- 
fere with the strobing of the flame. 


Boric Acid, H,;BO; 


Boric acid occurs as white flaky crystals. 
Molecular weight: 61.83; specific gravity: 1.4; 
melting point: 185°C; solubility in water 
(2.70 g at 0 °C, 4.65 g at 20%, 12.96 g at 80 °C, 
27.5 g at 100 °C in 100 g of water); solubility in 
ethanol (11.8 g at 25°C in 100g of ethanol); 
solubility in glycerin is 28 g at 20 °C in 100g 
of glycerin. As described by Lancaster” boric 
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acid is quite effective in suppressing the de- 
composition of a composition that contains alu- 
minum as a result of its buffer action, and it is 
superior to acetic acid or gum Arabic as shown 
in Table 3. However, it must be noted that boric 
acid corrodes magnesium. 


Boron, B 


Atomic weight: 10.811. Two kinds are pro- 
duced; amorphous and crystalline, but only the 
amorphous boron is used for fireworks; specific 
gravity: 2.35; melting point: 2160 °C; boiling 
point: 3650°C. When amorphous boron is 
touched, it feels as though it were somewhat 
hygroscopic. It absorbs moisture to about 6% so 
it Is sometimes necessary to protect it against 
moisture. According to an American analysis!'7! 
the purity of amorphous boron cannot exceed 
92%. It is a dark brown powder of very fine 
particles. 


Amorphous boron burns in oxygen and re- 
acts with sulfur at 600 °C; however, it is stable 
with many chemicals. It does not react with 
concentrated HCI solution or HF even in a hot 
state. With concentrated nitric or sulfuric acid it 
reacts in small amounts to produce boric acid. 


A mixture of amorphous boron and potas- 
sium nitrate in a ratio 75:25 burns rapidly with 
a brilliant green flame at very high temperature. 
The green color comes from the BO, band 
spectrum. The boron mixture is used as an ig- 
niter composition in place of thermit, and the 
difference between the two lies in that the bo- 
ron mixture ignites other compositions with its 
high temperature flame whereas the thermit 
mainly ignites compositions with its high tem- 
perature liquid products. Amorphous boron is 
very expensive commercially, but it is very use- 
ful when the ignition surface of a composition 
cannot be pasted with thermit as in the case of a 
rocket propellant, which must start without a 
delay. The boron mixture ignites very well from 
a relatively weak ignition source such as a 
Black Powder flame. 
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Chlorinated Isoprene Rubber, Parlon® 
(in the USA), ADEKA Rubber (in Japan) 


Chlorinated isoprene rubber is a white pow- 
der; known as a chlorine donor for producing 
colored flames; contains 66-67% chlorine. '*“! 


Chlorinated isoprene rubber and PVC, 
which is described later, act not only as a chlo- 
rine donor, but also as a fuel. They are, howev- 
er, different with regard to their ability to act as 
a fuel. Based on experiments, in practice, the 
rubber is only a chlorine donor, whereas PVC is 
both a chlorine donor and a fuel when it is used 
in chlorate or perchlorate based compositions. 


Gallic Acid 


OH 
OH 


HO + H,O 


COOH 


Gallic acid consists of colorless needle- 
shaped crystals; molecular weight: 188.14; spe- 
cific gravity: 1.694; melting point: 222 °C (de- 
composes to pyrogallol). 


C.6H2(OH);COOH — C.H;(OH); + CO, 


Gallic acid Pyrogallol 


This is a raw material for blue-black ink, 
however in fireworks it has been used in com- 
bination with potassium chlorate as a whistle 
composition, which is very sensitive to impact 
and friction. 


Guanidine Nitrate, NH:C(NH);)2.°HNO; 


Molecular weight: 122.09; colorless grainy 
crystals; specific gravity: 1.44; soluble in water 
(12.5 g at 20°C, 41g at 50°C and 99¢ at 
80 °C in 100 g of water); soluble in methanol or 
ethanol in small amounts; insoluble in ether or 
acetone. Guanidine nitrate is an organic molec- 
ular compound of one molecule of guanidine 
and one molecule of nitric acid; the purity of 
commercial material is about 95% and white 
insoluble matter remains undissolved in water; 
melting point: 208 °C; begins to decompose at 
235 °C, actively generating ammonia gas, leav- 
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ing a yellowish substance that is insoluble in 
acid. It is difficult to ignite the gas, but when 
guanidine nitrate is suddenly heated to 400— 
500 °C, it ignites and burns furiously with an 
orange flame. Red phosphorus, charcoal pow- 
der, copper powder, copper compounds (copper 
oxide, copper sulfate, basic copper carbonate, 
etc.), and compounds of chromium or of man- 
ganese have a catalytic effect that decomposes 
guanidine nitrate into ammonia gas. The mate- 
rial on the market looks hygroscopic, but actu- 
ally the moisture content is as small as 0.4%, 
which is observed at a relative humidity of 90% 
(left for 10 days). 


Guanidine nitrate is stable to ordinary me- 
chanical actions, impact and friction. But when 
it is initiated by a strong booster like RDX, it 
partially detonates, however perfect propaga- 
tion of a detonation is difficult.!'*! A mixture of 
guanidine nitrate and red phosphorus, antimony 
trisulfide or sulfur cannot be ignited or explod- 
ed by impact or friction and cannot continue 
burning, even when it is ignited by some heat 
source. A mixture of guanidine nitrate and po- 
tassium chlorate cannot continue burning. 


Guanidine nitrate that is mixed with a cata- 
lyst and consolidated into small cylinders was 
sold in England as a fuel for toy airplanes under 
the name of “JETEX”. It is rather difficult to 
ignite this fuel, but once it is ignited, it burns at 
a much lower temperature than other rocket 
fuels; the gas burns at about 250-300 °C. Guan- 
idine nitrate is also used for the compositions of 
some special smoke generators like insecticidal 
smoke or gas generators. 


Hexachloroethane, CCl, 


Molecular weight: 236.74; colorless crystals, 
which slowly sublime at room temperature pro- 
ducing an odor; melting point: 182-187 °C; 
insoluble in water, but soluble in ethy! alcohol, 
ether and acetone. This is a solid chlorine pro- 
ducing agent with 89.8% chlorine. It may be 
used as a color enhancing agent for flare com- 
positions, but at present it is not used because 
of its volatility. It is used for white smoke com- 
position, as described in zinc, which is sealed in 
a tin case. 


A mixture hexachloroethane and zinc dust 
generates a large amount of heat when it is 
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moistened. It is said that the reaction comes 
from a trace of acid contained in the hexa- 
chloroethane. 


Iron Oxide, Red, Fe,0O; 


Molecular weight: 159.69; specific gravity: 
5.24; melting point: 1550 °C. It is insoluble in 
water, soluble in hydrochloric acid reacting with 
it, but it is hardly soluble in other acids. Red 
iron oxide is a fine red powder. A mixture of 
red iron oxide and aluminum burns generating 
sparks at a high temperature (about 2400 °C), 
leaving melted iron and melted aluminum oxide. 


Lead Oxide, Red (Minium), Pb30, 


Molecular weight: 685.57; clear yellowish 
red powder or crystals; specific gravity: 9.07; it 
decomposes generating oxygen above 500 °C; 
insoluble in water, but soluble in acetic acid, 
nitric acid and hot hydrochloric acid, reacting 
with them. 


For pyrotechnic use it is combined with 
ferro silicon under the name of “Red Thermit”, 
which is used as a first fire composition for 
compositions that are difficult to ignite. It is 
also used to display orange fire dust in combi- 
nation with other compositions. The red thermit 
is said to generate no gas in the burning reaction, 
but truly a small quantity of gas is generated. 


Red lead has an unusual characteristic in 
that it can produce “second burning”. For ex- 
ample, if paper is dipped into a fire-proof solu- 
tion, partly painted with red lead and dried, it 
will be found that when the paper is put into a 
flame it is at once carbonized and then the red 
lead alone burns leaving no carbon (i.e., the red 
lead causes the carbon to burn completely after 
a while). 


Naphthalene (Tar Camphor, White Tar), 
CioHs 


Molecular weight: 128.18; specific gravity: 
1.168; melting point: 80.05 °C; boiling point: 
217.96 °C. Colorless crystals that are insoluble 
in water, soluble in benzene, absolute alcohol and 
ether, and slowly sublimes at room temperature. 


From early times it has been used for black 
smoke in combination with potassium chlorate. 
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The composition cannot be stored for a long 
time, because the naphthalene sublimes. How- 
ever the black color of the smoke is so dense 
that it is quite popular. Care must be taken be- 
cause there is often a risk of changing the ratio 
of the components spontaneously to form a 
dangerous composition due to the sublimation 
of the naphthalene. 


Picric Acid, Trinitrophenol, CsH,(NO2);0H 


Molecular weight: 229.11; specific gravity: 
1.767; melting point: 122.5 °C. Picric acid is 
soluble in water (1.2 g in 100 g of cold water 
and 7.2 g in 100 g of hot water); soluble in al- 
cohol, ether or benzene. It forms picrates, which 
are sensitive to impact and friction, in combina- 
tion with lead, iron, copper or other salts. 


Picric acid contains oxygen and is a strong 
explosive. It burns in the air with a flame that 
generates a small amount of soot, which is 
caused by insufficient oxygen. It can be used to 
increase the brilliancy of a flame due to the ra- 
diation of the carbon particles, but for this pur- 
pose it would be better to use lampblack or 
camphor. It is said that picric acid in combina- 
tion with potassium chlorate or potassium ni- 
trate produces chloric acid or nitric acid, which 
can cause spontaneous ignition. 


Picric acid has been used for manufacturing 
potassium picrate for whistles. It is sometimes 
used as a combustion agent for black snakes. 
When handling picric acid, most metallic con- 
tainers or tools must be avoided. 


Polyvinyl Chloride (PVC), CH,:CHCI 


Polyvinyl chloride is a white powder, with a 
grain size that varies according to the manufac- 
turing process; 0.2—2 pb with milk polymeriza- 
tion and 20-150 wu with grain polymerization; 
specific gravity: 1.35—1.45; softening point: 70— 
80 °C. It is not attacked by water, alkalis or 
strong acids; it dissolves in tetrahydrofuran, 
methyl ethyl ketone or cyclohexane. Polyvinyl 
chloride in its normal state degenerates slowly 
producing HCl gas and becoming discolored. 
This reaction is enhanced in the presence of air, 
more so with oxygen, or with exposure to the 
sun. Therefore, a stabilizer like the stearate of 
zinc or calcium is added to polyvinyl chloride 
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when it is used for plastic. However, for col- 
ored flame compositions that contain magne- 
sium and polyvinyl chloride that are shaped into 
stars, it was not possible to detect any genera- 
tion of HCl even after a long storage period of 
two or three years. This may be a result of the 
suppressing effect of magnesium hydroxide, 
which is produced in small amounts in the 
composition, thus avoiding degeneration. (Re- 
gardless, such compositions show a strong alka- 
linity; pH values of about 10 in distilled water.) 


When polyvinyl chloride is heated, it disso- 
ciates at about 170 °C being carbonized to gen- 
erate gas, which is mainly HCl. Polyvinyl! chlo- 
ride, therefore, is used quite favorably as a HCl 
gas producing agent to deepen the color of 
flames. Too much polyvinyl] chloride, however, 
causes the generation of soot, which decreases 
the light intensity and sometimes ruins the color 
of the flame. Therefore 10-15% by weight of 
polyvinyl chloride for compositions that contain 
magnesium and less than 4% by weight for 
other compositions may be most appropriate 
except when it is used as a fuel. Polyvinyl chlo- 
ride contains carbon that allows the flame to 
become transparent due to the reduction of the 
metal oxide particles in the flame, so it is used 
also as a reducing agent. 


Potassium Dichromate, K,Cr,0, 


Molecular weight: 294.21; orange red crys- 
tals; specific gravity: 2.7; melting point: 39 °C; 
decomposes at 500 °C; dissolves easily in water 
(4.8 g at 0°C, 10.97 g at 20 °C, 20.83 g at 40 °C, 
42.2 g at 80 °C, 94 g at 100 °C in 100 g of wa- 
ter); insoluble in ethanol. It is poisonous and 
corrosive to the skin and mucous membrane. 
When iron sulfate is added to the dichromate 
solution, the hexavalent chromium is reduced to 
the trivalent form with a loss of color, and the 
poisonous nature is decreased. 


When potassium dichromate is heated to a 
high temperature, it decomposes as follows: 


4 K,Cr,0, — 4 K,CrO, +e, Cr,O; + 3 O, 


Potassium dichromate can be used as an oxi- 
dizer, but its oxidizing power is very weak 
compared with other ordinary oxidizers. 


Potassium dichromate enhances the burning 
reaction of a potassium perchlorate composition 
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when it is added in small amounts. For exam- 
ple, a test showed that the burning rate of a 
composition, which consisted of potassium per- 
chlorate and hemp coal in a weight ratio 75:25, 
increased 1.55 times when 4—-5% potassium 
dichromate was added. 


Potassium dichromate suppresses the corro- 
sion of magnesium especially with ammonium 
perchlorate. Place a small amount of a magne- 
sium powder into a test tube that contains po- 
tassium dichromate solution in water. Heat it 
for a short time, remove the solution and wash 
the powder with water several times. Add a 
saturated solution of ammonium perchlorate to 
the magnesium powder in the test tube, and it 
will be observed that no bubbles are generated. 
This phenomenon confirms that the magnesium 
powder is at least temporarily protected. After a 
while however it begins bubbling actively. Next 
add a small amount of the potassium dichro- 
mate solution to the mixture and shake it, and it 
will be seen that the bubbling suddenly stops 
and the reaction ceases. This shows that potas- 
sium dichromate suppresses the corrosion of 
magnesium powder against ammonium per- 
chlorate. 


It is difficult to ignite or to explode a mixture 
of potassium dichromate and red phosphorus or 
sulfur even by impact between iron surfaces. 


Potassium dichromate is used in small 
amounts in match compositions. It may be to 
suppress the violent burning reaction caused by 
potassium chlorate. !"*! 


Ultramarine, Na,S,°3NaAlISiO, 


Ultramarine is a beautiful blue powder. It is 
easily attacked by acids but has considerable 
resistance to alkalis. It is stable in the sun or in 
hydrogen sulfide, HS, and withstands heat. 


As Lancaster wrote,'*! there are very few 
ingredients that produce yellow flames without 
any storage problems. However, ultramarine is 
one of them, and it is suitable for ammonium 
perchlorate based compositions especially when 
they contain magnesium. An experiment 
showed that there was no degeneration when 
the composition was stored for two years in 
non-moisture proof containers. Under the same 
condition NaNO3, Na»SO.z, Na2C2Ox, cryolite, 
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etc. caused degeneration due to moisture. The 
only problem with ultramarine is that the yel- 
low of the flame is rather weak and when it is 
used with chlorate or perchlorate based compo- 
sitions, it produces much ash. 


Zinc Oxide, ZnO 


Molecular weight: 81.37; white powder of 
quite small particles or hexagonal crystals; spe- 
cific gravity: 5.47—-5.78; occurs naturally as 
zincite in the district of Franklin Furnace in the 
USA; melting point: 1800 °C; sublimes: 1700 °C 
under normal atmospheric pressure; changes 
color to yellow at about 300 °C, but when it is 
cooled, becomes white again. Almost insoluble 
in water and alcohol, but soluble in dilute and 
concentrated alkalis. 


This is used for white smoke composition in 
combination with zinc dust and hexachloro- 
ethane. It seems that the higher the purity, the 
whiter the smoke color. The smoke composition 
is generally packed in a tin can, and the appar- 
ent specific volume is important in manufac- 
ture; if it is too small, the can is not filled; and 
if it is too large, the can cannot be filled with 
the amount defined in the specification. The ap- 
parent specific gravity of this material on the 
market lies between about 0.5 and 1.0 kg per 
liter. 


Binding Agents 


Recently many synthetic resins have been 
developed as pastes or binding agents, unfortu- 
nately these are often damaged by heat. Further 
these resins or their vapor often permeate into 
compositions slowly during long storage to cause 
degeneration of the composition. When they are 
used as a binder, some compositions become dif- 
ficult to ignite. The vapor of many of the syn- 
thetic resins can be harmful to one’s health, and 
for this reason, the paste or binding materials 
naturally produced are still quite useful. 


The characteristics of a good binding agent 
for fireworks use is that it: 


a) Must have a strong cohesive power, but 
threading must be avoided if possible. When 
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the cohesive power is great, even the small- 
est amount allows the composition to con- 
solidate well, and it does not decrease the 
burning temperature very much. 


b) Must provide the composition with strong 
water or solvent resistance when it is con- 
solidated. Otherwise when the composition 
comes in contact with another slurry com- 
position as in the case of the manufacture of 
round stars, the water or solvent in the slurry 
destroys the composition or it passes deeply 
into the layers of the composition and re- 
mains there to cause burning problems. 


c) Must produce a composition that is very 
hard on consolidation. The hardness is nec- 
essary to protect from the impact caused by 
the bursting charge. 


d) Must not interfere with the drying of shaped 
compositions. 


e) Must not cause cavities in the composition 
when it is dried. 


f) Should be soluble in water or solvent even 
at cold temperatures. If it is soluble at low 
temperatures, it can generally be added to 
the composition in an accurate ratio before 
consolidation. 


g) Must allow a kneaded composition to be eas- 
ily formed into a shape or cut with a knife. 


h) Should be approximately neutral in an 
aqueous solution and cause no reaction with 
other chemicals in the composition. 


i) Must not interfere with the ignition or burn- 
ing of a composition. 


J) Must not cause degeneration during long 
storage. 


k) Should not be hygroscopic. 


1) Must not interfere with the color of the 
flame of a composition. 


Table 6 shows a comparison of various 
kinds of binding agents that are soluble in water 
and that were tested by manufacturing 10 mm 
cube stars. 
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Table 6. Comparison of the Characteristics of Water Soluble Binding Agents Used for 10 mm 


Cube Stars. 


B.A. Com. M.S. | CP. | W.R. | H(kg) | DTR(h) | DT50(h) | CF. | S.W. | Cut. | Acid. | ea 
C @) O 6.0 61 _— @) @) A 2.1 Xx 
Xx 
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DEX Sin en Wan AUS ehid a nega eA Ou eT Te en wre a ea tenn ls lnc ol Serna eels MUNN FA weaS Ha NSS etwen ee aka eS anemia cit intone ea 
P X X Xx 
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P A e) x 
Table Notes: 


Acid. = Acidity in water solution. 
B.A. = Binding agent. 


B.R. = Burning rate of composition in 1 atm. M.S. 
C = Potassium chlorate base composition ORS 
(67% potassium chlorate, 14% com- P 
bustion agent BL, 13% strontium 
carbonate, 6% binding agent). 
C.F. = Cavity formation in composition. 
Comp. = Composition. 
C.P. = Cohesive power of the kneaded mass. Pas. 
Cut. = Ease of cutting kneaded composition. Pow. 
D.C. = Interference with flame color. S.W. 
DEX = Dextrin. 
DTR(h) = Drying time at room temperature WF(s) 
(hour). WF(w) 
DT50(h) = Drying time at 50 °C in a drier. WR. 
GA  =Gum Arabic. WS 
GRS = Glutinous rice starch. © 
H(kg) = Hardness in kg (the maximum loaded O 
weight when a star is crushed between A 
an iron anvil and a plastic x 
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pestle (ABS) with a flat head 3 mm 
diameter). 

= Mixing state of the composition. 

= Ordinary rice starch. 

= Potassium perchlorate base composi- 
tion (67% potassium perchlorate, 
14% combustion agent BL, 
13% strontium carbonate, 
6% binding agent). 

= Paste. 

= Powder. 

= Solubility of the raw material in cold 
water. 

= Wheat flour (strong). 

= Wheat flour (weak). 

= Water resistance of the dried stars. 

= Wheat starch. 

= The largest or easiest of all. 

= Large or easy. 

= Middle or neutral. 


= Small, weak or difficult. 
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Casein 


Casein is a phosphoprotein. It is the main 
protein of milk, and the name “casein” often 
refers to milk casein. Pure casein is white, but 
the commercially available product is creamy 
or slightly grayish brown grains. It is insoluble 
in water, alcohol or ether, but it slowly dis- 
solves in alkali, carbonate and strong acid 


Gelatin 


Gelatin is generally used in match composi- 
tion. The purpose may be to produce good igni- 
tion and to maintain fire. 


Gelatin is colorless and forms transparent 
glass-like sheets or grains that are tasteless and 
swell absorbing 5 to 10 times as much cold wa- 
ter. It is easily soluble in hot water, but insolu- 
ble in alcohol or ether. The solution in water is 
neutral or slightly acidic. The solution sets as it 
cools like Japanese isinglass. The solution in 
water forms a white precipitate with tannic 
acid. The jelly, which is obtained by adding 
potassium dichromate to a hot gelatin solution 
in water, becomes insoluble in water when it is 
placed in the sun. When formalin is added to a 
gelatin solution in water, it increases the gelling 
power and makes the film tough after drying. 


Successive heating and cooling of gelatin 
solutions decrease the gelling capacity, but they 
can be gelled again by adding formalin to them. 


There is no clear distinction between gelatin 
and glue. There are also many products due to 
the varied raw materials and manufacturing 
processes. Gelatin is the name of a product of 
good quality produced by using good raw mate- 
rial and a rational process. The items are se- 
lected based on the purpose for which they are 
needed; cohesive power, the nature of the gela- 
tin, or gelling power. 


Nitrocellulose, Cellulose Nitrate, Nitrocotton 


[Ci2H1404(OH )4(ONO2)2]x 
~[C12H1404(ONO2)o Jx 
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Nitrocellulose is a white powder that is very 
fluffy in a dry state or a cottonwool-like mate- 
rial. Molecular weight: 426.4-594.3. In practice 
the nitrogen content varies from 9.0 to 13.4% 
with 11 to 12% being the most popular com- 
mercially for firework use. Nitrocellulose is 
soluble in acetone, ethyl acetate, amyl acetate, 
etc. Nitrocellulose that contains less than 12% 
nitrogen dissolves in a mixture of ether and 
ethanol in a ratio of 2:1 by volume. This solu- 
tion can produce a stronger film of nitrocellu- 
lose than one in acetone. 


Nitrocellulose is a nitric ester. In a well 
dried state it ignites explosively at 160-180 °C; 
when burnt under | atm it produces a gas that 
consists of 25% NO,, 42% CO, 18% CO:, 8% 
Ho, 6% No, and 1% CH, by volume; it explodes 
on sudden heating or with a strong impact or 
friction. It is unstable and decomposes above 
70 °C generating NO, gas, even when the qual- 
ity is good. It decomposes slowly even at room 
temperature especially if there is a trace of acid 
or an impurity. These characteristics increase as 
the nitrogen content increases. To suppress 
spontaneous decomposition a small amount of 
diphenylamine, about | g per 100 g of nitrocel- 
lulose, is added to a nitrocellulose solution. 


It is important to keep it in a wet state with 
water or ethanol during storage. Never scatter it 
because it becomes a dangerous flammable dust 
floating in the air. It is used as a solution in ace- 
tone or amyl acetate and is known as “NC 
paste” for the consolidation of compositions that 
contain magnesium. 


Polyester (Unsaturated Polyester) 


The representative polyester on the market is 
a solution of polyethylene malate (ester) in sty- 
rene monomer in various ratios to obtain vari- 
ous hardnesses. 


Polyethylene malate consists of very long 
molecules that contain many double bonds. Sty- 
rene monomer consists of short molecules that 
contain one double bond. (In place of the sty- 
rene monomer, methyl methacrylate or diallyl 
phthalate are also used.) (See Figure 2) 
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CH=CH 
I | 


CH=CH 


CH=CH 
| | 


..-O-CO CO-O-CH,CH;-O-CO CO-O-CH,CH;-O-CO CO-O-.. 
(1) Polyethylene maleate 


CH=CH) ak 


| 
CH,=C-COOCH, 
(3) Methyl methacrylate 


(2) Styrene monomer 


O COO-CH,CH=CH, 
COO-CH,CH=CH, 


(4) Diallyl phthalate 


Figure 2. The structure of various polyester components. 


The melting and boiling points of the sub- 
stances in Figure 2 are as follows: 


Melting Boiling 
Polyester Component __| Point (°C) | Point (°C) 


(4) Diallyl phthalate 


These long and short molecules combine 
with each other at the double bonds in three 
dimensions upon initiation by a catalyst to form 
a solid mass as follows: 


2 2 
Stm Stm 
I I 
== Ch CH Che Che 


I | 
me Gh Ch = -Ghe Ghee 
stm Stm 
2 a 
Stm: is from styrene monomer and 


—*-CH-CH-*-CH-CH-*— 
is from polyethylene maleate. 


When the proper catalyst is used, the reac- 
tion is initiated at room temperature, and it is 
accelerated by a temperature rise owing to the 
heat of reaction. Benzoyl peroxide, CsH;sCO-— 
O-O-COC;Hs, or methyl ethyl ketone perox- 
ide, CH;C,HsC(O-—O).CC,HsCH; is used as a 
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catalyst. To initiate the reaction at room tem- 
perature it is necessary to add another substance 
such as cobalt naphthenate, Co(Cj>H;COO),, or 
dimethyl aniline, CsHsN(CH3)2, to produce an 
initiator [e.g., free radicals CsH;NC:00 (ben- 
zoyl radical)]. 


Consolidated polyester shows different 
physical characteristics due to the ratio of the 
quantity of the ester to that of the monomer; 
specific gravity: 1.2-1.4; tensile strength: 350- 
700 kg/cm’, compressive strength:  850- 
1700 kg/cm’; generally hard and brittle. Its re- 
sistance to inorganic acids and alkalis is weak. 


Polyester is used as a binder as well as a 
fuel. For example, a flare composition that does 
not contain magnesium can contain about 20% 
polyester by weight, and it can be cast into a 
container. In this case the composition shrinks 
in diameter upon consolidation, which can pro- 
duce a gap between the composition and the 
container that often causes a quick fire problem. 
The diameter of the container is therefore gen- 
erally limited to a maximum of about 25 cm. 
For a composition that contains magnesium, the 
quantity of polyester is kept to the minimum 
(about 2-5% by weight) to prevent the flame 
temperature from dropping. In this case the 
composition does not flow, and it is pressed 
into a container with quite high pressure. Stars 
that are consolidated with polyester as a binder 
have a high density, low ignitability and a slow 
burning rate. Naturally they cannot be used for 
shells that require the opposite characteristics. 


A composition that contains magnesium and 
is consolidated with polyester is not really as 
waterproof or moisture proof as it is thought. 
Perhaps this may be due to the fact that the 
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polyester has a weak resistance to acids and 
alkalis. The coating effect for magnesium pow- 
der is not as good as paraffin. 


The amount of catalyst that is added to poly- 
ester for consolidation may vary based on its 
purpose, but for a commercial sample it is gen- 
erally limited to a maximum of 1% to avoid too 
great a temperature rise and rapid consolidation 
as these are both dangerous and produce an in- 
ferior quality product. It is thought that a small 
quantity of catalyst produces the best effect. 
Moreover the time of consolidation differs 
based on the brand, the quantity of the catalyst 
and the temperature. 


Many substances that are used for firework 
compositions more or less have an influence 
upon the time of consolidation; sulfur, sulfide 
or organic fuels particularly delay the consoli- 
dation. 


The toxicity of the polyester comes mainly 
from the vapor of the monomer, but it is said 
that the toxicity is slight or moderate and does 
not produce serious physical impairment.”°! 


Soluble Glutinous Rice Starch (Mizinko) 


There are two kinds of glutinous rice starch: 
one is parched and then ground into a powder 
and is called “quick starch”; the other one is 
steamed or further pounded into a cake, parched 
and ground into a powder and is called “parched 
starch”. At present the material on the market is 
quick starch; however, for firework use parched 
starch is better than quick starch. 


Glutinous rice starch contains approximately 
80% carbohydrate, 7% albumin and 14% mois- 
ture. The carbohydrate consists of only amy- 
lopectin, which is a group of long branched 
chains of grape sugar molecules. On the con- 
trary the group of long but unbranched chains 
of the sugar molecules is called amylose. These 
are detected by adding iodine solution in alco- 
hol to the solution of these substances; amy- 
lopectin produces red violet, whereas amylose 
produces blue indigo color. 


When a small amount of water is added to 
the glutinous rice starch and kneaded, it be- 
comes like rice cake and is quite cohesive. But 
when a large amount of water is added to the 
starch and it is boiled for long time, the cohe- 
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sive power of the starch decreases; this shows 
that the amylopectin changes to amylose. 


The cohesive power of glutinous rice starch 
is very strong; this is clearly seen by comparing 
this starch with other binders like dextrin. Add 
ten times as much water to glutinous rice starch 
and stir well. Test it between the fingers, and it 
is clear how much more cohesive it is than a 
dextrin solution that is prepared in the same 
manner. This cohesive nature of glutinous rice 
starch is quite important, especially for prepar- 
ing round stars, because the essential point of 
the process lies in that the composition must be 
pasted in a wet state on the core using as little 
paste as possible. Accordingly a paste that has a 
strong cohesive power satisfies the requirement 
well. For this reason glutinous rice starch is 
quite superior for manufacturing round stars 
because it causes the least amount of trouble. 


However the cohesive power of the paste of 
glutinous rice starch generally changes as the 
time passes when it is mixed with chemicals or 
compositions. For example, an experiment in 
the summer season is set out in Table 7. 


For this experiment, 20 mL of distilled water 
was added to mixtures of 2 g of glutinous rice 
starch and 20g of other chemicals. The mix- 
tures were stirred well and the viscosities were 
observed at definite time intervals. 


Table 7 shows that only starch does not 
change in viscosity. Sodium carbonate and po- 
tassium chlorate increase the viscosity. Arsenic 
sulfide and aluminum have almost no influence 
upon the viscosity. Other substances generally 
decrease the viscosity. Sodium oxalate, barium 
nitrate, Black Powder, sulfur and in particular 
charcoal cause the starch to lose its viscosity. 
Ammonium perchlorate also has a large influ- 
ence. 


The decrease in the viscosity caused by so- 
dium oxalate or Black Powder, which are the 
most extreme, was more precisely observed. In 
the first one or two hours it looks as though 
there is an increase in the viscosity, and then 
the viscosity slowly decreases; after five or six 
hours the viscosity is not much different than it 
was at the beginning. This property of glutinous 
rice starch does not cause any trouble in manu- 
facturing stars, but the paste of a composition 
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Table 7. The Influence of Chemicals upon 
the Viscosity of Soluble Glutinous Rice 
Starch. 


After After 
15 hours | 24 hours 


Chemical 


Note: s = The mixture does not change in viscos- 
ity and somewhat flows. 


ss = The viscosity increases and the mixture 
hardly flows. 


sss = The viscosity increases greatly. 
w = The viscosity somewhat decreases and 
the mixture flows fairly. 
ww = Soft and flows well. 
www = Quite soft and can be ruffled by shaking. 
wwww = Quite low viscosity which is hardly felt. 
0 = Quite low viscosity like water. 


that contains glutinous rice starch must not be 
left more than half a day. 


Glutinous rice starch has the smallest hygro- 
scopic degenerative nature of all the popular 
starches, but for long storage it is preferable to 
place products that contain glutinous rice starch 
in dry conditions as much as possible, and above 
5 °C if possible, because the degeneration of 
starch occurs most easily at 30-60% moisture 
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and a temperature of 2—3 °C. Careful kneading 
is also effective for avoiding degeneration. 


Wheat Flour 


Wheat flour varies in character based on the 
kind of wheat and the method of manufacture. 
For example, the soft wheat flour produced in 
the USA has a milling yield of 80%, contains 
8.8% albumen, 88.6% carbohydrate, 1.4% fatty 
material, 0.5% cellulose, 0.7% ash and the ef- 
fective heat of combustion value is 339 kcal per 
100 g.?'! With lower yields the amount of car- 
bohydrate increases. The particular character of 
wheat flour lies in that it contains a small 
amount of gluten, which corresponds more or 
less to the albumen content and it is insoluble in 
water, however it becomes elastic as water is 
absorbed. Wheat flour that contains a large 
amount of gluten is called “strong flour” and as 
the amount of gluten decreases it is called 
“middle flour” and then “weak flour”. Strong is 
a slightly yellow color and weak flour is white. 
For firework use, all can be used as fuels. 


As a fuel, wheat flour generates a combus- 
tion heat of about 800 kcal per 1 kg of mixture 
of wheat flour and potassium chlorate; this 
value is the highest compared to other materials 
such as lactose, sucrose, dextrin, etc. Generally 
wheat flour contains about 14% moisture. 


Wheat Starch 


[C12H140.(OH)4(ONO>)o]x~[Ci2H1404(ONO>)o]x 

Wheat starch must not be confused with 
wheat flour. This starch is obtained by separat- 
ing the gluten from wheat flour. 
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Introduction 


Pyrotechnic devices use energy released by 
chemical reactions to produce a variety of ef- 
fects including heat, light, sound and motion. 
The relationship between chemical change and 
energy is of central importance to a scientific 
approach to pyrotechnics. The branch of sci- 
ence that deals with this relationship is chemical 
thermodynamics. Thermodynamics can predict 
whether or not a chemical reaction is possible, 
and how much energy would be released or ab- 
sorbed by that reaction. It cannot, however, 
predict how fast a reaction will be. That is the 
concern of chemical kinetics. The energy in- 
volved in chemical reactions and the speed of 
those reactions are both of obvious interest to 
the pyrotechnist. This chapter will give an in- 
troduction to chemical thermodynamics, with an 
emphasis on those aspects of relevance to pyro- 
technics. 


A Few Words about Mathematics 


The following sections contain some mathe- 
matics. To a newcomer to science, it can be 
rather intimidating to see lines of mathematical 
symbols appearing in the middle of a discussion 
about some aspect of the physical world. It is 
by no means obvious how these symbols can 
have anything to do with what happens in the 
world outside. Some writers add to the confu- 
sion by claiming that the behavior of the real 
world is in some mysterious way “governed” by 
mathematics. What really happens is this: Sci- 
entists take some aspect of the real world and 
treat it as if it were one of the abstract objects 
dealt with by mathematics. The process of con- 
verting an aspect of the real world to a problem 
in mathematics is called making a mathematical 
model. The reason for making mathematical 
models is that mathematics provides a very 
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powerful set of procedures for reasoning in a 
completely logical and consistent way. If the 
model is well chosen, a mathematical argument 
can reveal all sorts of relationships between 
aspects of the real world. If the results of the 
mathematical reasoning are consistent with what 
is observed, it is evidence that the mathematical 
model was indeed well chosen. Instead of say- 
ing that the behavior of the physical world is 
“governed” by mathematics, we should say that 
aspects of it can be described or modeled by 
mathematics. 


The mathematical parts of this chapter are 
set out in more detail than is usual, in an effort 
to avoid the frustration that arises when one 
cannot follow a step that might be obvious to a 
more mathematically-minded reader. 


Chemical Thermodynamics 


Chemical thermodynamics can provide an 
understanding of what drives chemical change. 
It provides ways to calculate whether a particu- 
lar reaction is possible and what energy changes 
would be associated with that reaction. Calcula- 
tions, using tables of thermodynamic data, can 
reveal the maximum possible amount of energy 
that could be provided by a particular reaction, 
such as that between potassium perchlorate and 
aluminium in flash powder. A calculated value 
for the energy released in a pyrotechnic reaction 
can then be used to estimate the maximum pos- 
sible temperature that could be reached. Such 
information can be useful when designing com- 
positions for producing colored flames, for ex- 
ample. Thermodynamic calculations can pro- 
vide useful information about the composition 
of chemical systems at equilibrium that would 
be difficult, or impossible, to obtain experimen- 
tally. Such information is useful in calculations 
for the design of efficient rocket motors. 


Chemical Thermodynamics 


Thermodynamics originated from efforts to 
understand the limitations of steam engines. Its 
application to chemistry happened at about the 
same time that the molecular theory of matter 
was being developed. Thermodynamics makes 
no assumptions about the structure of matter. It 
is much easier, however, to understand the ap- 
plication of thermodynamics to chemistry if the 
behavior of molecules is brought into the picture. 


A Preamble about Matter 


Since chemical thermodynamics is concerned 
with matter and energy, it is appropriate to re- 
view some relevant ideas about matter. The most 
obvious characteristic of matter is its complex- 
ity. Stars, planets, rocks, plants, people, cities— 
all are aggregates of matter in varying degrees 
of complexity. The task of understanding such 
complexity might seem impossible. Chemistry 
approaches the problem by focusing attention 
on the least complex types of matter. Over the 
past few centuries, chemists have subjected 
matter to various processes of chemical analy- 
sis, reducing structures and objects to materials, 
and then attempting to reduce each material to 
its simplest constituents. This led to the recog- 
nition of a relatively small number of chemical 
elements, materials that could not be decom- 
posed into simpler substances by chemical 
analysis. The next level of complexity is the 
chemical compound. Chemical compounds are 
substances made up of chemical elements, in 
constant proportions by mass. Elements and 
compounds, because they are of constant chem- 
ical composition, are called pure substances. 
Compounds are formed from their elements 
(either directly or indirectly by way of interme- 
diate compounds) by chemical reactions. Dur- 
ing some chemical reactions, energy is released. 
In others, energy is absorbed from the surround- 
ings by the reacting materials. 


The Molecular Structure of Matter 


Probably the most important idea in physical 
science is the notion that matter is made up of 
very small particles, called molecules. Each pure 
substance consists of molecules of the same 
kind. Molecules can be broken down into smaller 
particles, called atoms. The molecules of each 
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of the chemical elements are made up of atoms 
having the same, unique set of chemical proper- 
ties. They may vary in mass (atoms of the same 
chemical type but having different masses are 
called isotopes) but their chemical properties 
are essentially identical. The molecules of ele- 
ments may consist of single atoms (helium, 
neon, argon and gaseous mercury are exam- 
ples), or of two or more atoms bound together. 
Examples include oxygen (O:, a pair of oxygen 
atoms), white phosphorus (P4, a tetrahedron of 
phosphorus atoms) and sulfur (Sg, a ring of 
eight sulfur atoms). The word “atom” means 
“indivisible”, and at one time it was thought 
that the atom represented the limit to the break- 
ing down of matter. These days, it is known that 
atoms consist of an extremely small, but mas- 
sive, central nucleus surrounded by a rather 
complex outer structure of electrons. Chemical 
reactions occur when the outer electrons of at- 
oms rearrange themselves. These rearrange- 
ments can result in atoms of various sorts be- 
coming linked together by new electronic struc- 
tures, forming molecules. Only the outermost 
electrons are involved the rearrangements that 
take place in chemical reactions. An arrange- 
ment of electrons that links two atoms together 
is referred to as a chemical bond. 


Perhaps the simplest type of electronic rear- 
rangement is the loss of a single electron from 
an atom. The electron-deficient atom left after 
this process is called a positive ion. Metals, 
such as sodium, iron and gold, are made up of 
positive ions, stacked in regular patterns, sur- 
rounded by a “sea” of loose electrons that can 
move around freely, provided they do not move 
too far from the ions. These mobile electrons 
are responsible for the high electrical conduc- 
tivity of metals and for their characteristic me- 
tallic luster. Other atoms, such as those of non- 
metallic elements like oxygen and chlorine, can 
gain electrons and form negative ions. Com- 
pounds such as magnesium oxide (MgO) and 
sodium chloride (NaCl) consist of positive metal 
ions and negative non-metal ions stacked in 
regular patterns. These compounds are exam- 
ples of ionic compounds. In substances such as 
elemental sulfur (Sg) and oxygen (O2), and 
compounds such as water (HO) and alcohol 
(C,H;OH) and also in ions such as the ammo- 
nium ion (NH,’) and the nitrate ion (NO; ), the 
atoms are linked by pairs of electrons shared 
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between the atoms. These shared pairs of elec- 
trons are called covalent bonds. 


Molecular Structure of the 
States of Matter 


Most pure substances can occur in three 
physical states: solid, liquid and gas. The three 
physical states differ in the way in which the 
molecules are arranged in space. Molecules in 
every state of matter are in constant motion. In 
a solid, molecules are close together and move 
mainly by vibrating about their rest positions. 
In a gas, molecules are relatively far apart and 
move at random through the entire volume 
available to be occupied by the gas. In a liquid, 
the molecules can move freely but tend to re- 
main close to each other. 


A Digression into Mechanics 


Already in this discussion several mechani- 
cal concepts have been mentioned without 
definition or explanation. These concepts in- 
cluded motion, mass and energy. While these 
ideas might already be quite familiar, it is use- 
ful to review them. This requires a brief look at 
the classical Laws of Motion. It will be assumed 
that the ideas of space, distance and time can be 
taken for granted. The aim is to review the rules 
that describe how objects move; that is, how 
their position in space changes with time. 


Displacement, Speed and Velocity 


If you see an object at one place, and some 
time later you see it somewhere else, the object 
has undergone a displacement. Displacement is 
measured in units of length or distance, and in 
scientific work the unit of length is the meter 
(m). By timing the object as it moves from one 
place to another, you can work out how far it 
travels in a unit of time, such as one second. 
That gives its average speed in meters per sec- 
ond (ms). If the speed is the same from one 
instant to the next, and if the object is moving 
in a straight line, the object is travelling at con- 
stant velocity. Velocity has the same units as 
speed (meters per second), but speed is only 
one aspect of velocity. The other aspect is di- 
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rection. Left to its self, an object will maintain 
its velocity. It will keep moving with the same 
speed, in the same direction, forever. This might 
seem an absurd statement, because everyday 
observation shows that moving objects usually 
stop moving unless something is done to keep 
them in motion. The point is that the objects in 
everyday life are not left to themselves but are 
always interacting with something else. An- 
other way of looking at it is that a change in the 
velocity of an object requires an explanation, 
but a constant velocity does not. 


Acceleration, Force and 
Newton’s First Law 


If the velocity of an object changes, either in 
speed or direction, the object has undergone 
acceleration. The units of acceleration are me- 
ters per second per second (ms~). In ordinary 
conversation, the term “acceleration” means an 
increase in speed. In physics, acceleration means 
any change in velocity. This can be an increase 
or decrease in the speed of an object, or a 
change in its direction of motion. Acceleration, 
being a change in velocity, requires an explana- 
tion. By definition, acceleration is the result of 
a force. In everyday language the word force is 
associated with pushing, shoving, compelling, 
or making something happen. In physics, force 
is what causes acceleration. All the discussion 
of motion so far can be summarized in the 
statement: “An object will remain at rest, or in 
uniform motion in a straight line, unless acted 
on by a force”. This is Galileo’s Law of Inertia 
or Newton’s First Law of Motion. 


Mass and 
Newton’s Second Law of Motion 


It is obvious from everyday experience that a 
push or shove that produces a certain change in 
the motion of one object will not necessarily have 
the same effect on a different object. By defini- 
tion, the ratio of the force on an object to the 
resulting acceleration is the mass of the object. 

force 


mass = ————_— 
acceleration 


or force = mass x acceleration. 
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This relationship is Newton’s Second Law of 
Motion. 


It is known from experiment that in the ab- 
sence of air, objects near the surface of the 
earth fall towards the ground at the same speed. 
That means that they all experience the same 
acceleration, known as the gravitational accel- 
eration, g in meters per second per second. The 
force that acts on bodies near the earth’s surface 
is therefore m x g, where m is the mass (units 
not yet defined). The mass of an object can 
most easily be described by comparing the 
gravitational force acting on it to that acting on 
some reference object. The comparison is read- 
ily carried out using a balance. 


For historical reasons, the reference object 
for mass is a piece platinum-iridium alloy called 
the standard kilogram. 


In scientific work, mass is measured in kilo- 
grams (kg). Force is measured by the accelera- 
tion that it produces in an object of unit mass. A 
force that produces an acceleration of one meter 
per second per second when acting on an object 
having a mass of one kilogram is called a new- 
ton (N). 


Mass and Weight 


It is worth recalling that mass is a funda- 
mental property of an object and does not vary 
from place to place. In contrast, the weight of 
an object is the force exerted by the gravita- 
tional interaction between the object and the 
earth (or the moon, if the object happens to be 
on the moon). Because the gravitational accel- 
eration near the earth’s surface is constant, it is 
convenient to describe weight in units of mass, 
when really we should use units of force. If the 
day ever comes when people regularly travel 
between the earth and the moon, the distinction 
between mass and weight will be common 
knowledge. Spring balances and electronic bal- 
ances would need to be re-calibrated for use on 
the moon. A beam balance, of course, would be 
accurate in either location. 
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Pressure 


Having introduced the concept of force, it is 
appropriate to mention pressure, which is the 
force applied per unit area of a surface. Pressure 
is extremely important in discussing the behav- 
ior of gases. It is measured in pascals (Pa). A 
pressure of one pascal corresponds to a force of 
one newton per square meter. Living as we do 
at the bottom of a vast ocean of air, we are sub- 
jected to a relatively constant pressure of around 
100 kilopascals (kPa). A pressure of 101.33 
kilopascals is defined as one atmosphere and is 
often used as a unit of pressure in thermody- 
namics. This usage, though well-established, is 
not consistent with the SI system of units, in 
which pressure is always measured in pascals. 
Accordingly, thermodynamic properties are 
preferably specified not at 101.3 kPa but at 100 
kPa. This pressure is given the name one bar. 


It should be mentioned, too, that pressure 
gauges, even though they might be calibrated in 
pascals, often take their zero point as one at- 
mosphere. Such gauges actually read the differ- 
ence between the measured pressure and one 
atmosphere, the so-called gauge pressure. In 
thermodynamic calculations, pressure must be 
measured from a true zero point of zero new- 
tons per square meter. 


Newton’s Third Law of Motion 


Most of the discussion so far has really been 
giving definitions. Now it is time to introduce 
some results of experiments and observations. 
One important result is that acceleration always 
involves the interaction of at least two objects. 
There is a general rule that summarizes the re- 
sults of many experiments and observations. “If 
two isolated objects interact in a manner that 
results in their acceleration, the accelerations of 
the two objects will be in opposite directions”. 
The objects are described as “isolated” to indi- 
cate that the only force acting on them is the 
one involved in the interaction. If the two inter- 
acting objects are identical, the accelerations 
will not only be in opposite directions but of the 
same magnitude. If the two interacting objects 
are different, their accelerations will be inversely 
proportional to their masses. In other words, 
when two objects interact, the force acting on 
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one object will be of the same magnitude, but in 
the opposite direction, as the force acting on the 
other. This is Newton’s Third Law of Motion. 
The traditional statement of that Law is “For 
every action, there is an equal but opposite re- 
action”. 


Work 


When a force acts on an object and acceler- 
ates it, the force is said to have done work. The 
amount of work is obtained by multiplying the 
force by the distance over which it acts. The 
units of work are newton meters (Nm). A good 
example of work is the lifting of a weight. To 
raise a weight of mass m kilograms, you must 
apply a force of (m x g) newtons to overcome 
the gravitational force of mg newtons acting on 
the object. If you lift the object / meters, you 
will have exerted a force of mg newtons over a 
distance of 4 meters. You will have done mgh 
newton meters of work. 


Energy 


Energy is one of the most important con- 
cepts in physical science. Perhaps because of its 
central role in scientific explanation, it is also 
one of the most difficult concepts to define. 
Fortunately, the ultimate nature of energy is 
irrelevant for the purposes of this discussion. In 
mechanics, energy can be defined as the capac- 
ity to do work, and it is expressed in the same 
units as work; the amount of energy required to 
do one newton meter of work is the joule (J). 
Conversely, the joule can be used as a unit of 
work, exactly equivalent to the newton meter. 


This definition of energy as the capacity to 
do work is not entirely satisfactory, because in 
thermodynamics situations arise where energy 
is not available to do work. It could be argued 
that to speak of a “capacity to do work” that is 
not available to do work is not particularly 
meaningful. As will be seen, however, this idea 
of “unavailable energy” is of fundamental im- 
portance in thermodynamics and is easy to un- 
derstand from the molecular perspective. 


For the moment, it is necessary only to re- 
view energy in simple mechanical systems. 
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Potential Energy 


Imagine a small heavy object, of mass m, 
kilograms, at rest on the floor, attached to a 
string threaded through a pulley fixed to the 
ceiling. See Figure |. Imagine, too, that the pul- 
ley is absolutely perfect, offering no resistance 
whatsoever to the motion of the string. If you 
pull downwards on the other end of the string, 
the string will eventually become tight and will 
exert a force on the object. If you increase the 
force until it exceeds the weight of the object 
(mig newtons, where g is the gravitational ac- 
celeration), the object will be accelerated and 
will rise toward the ceiling. If you keep pulling 
the string until the object is # meters above the 
ground, you will have exerted a force of mj )g 
newtons over a distance of 4 meters and you 
will have done m:gh newton meters (1.e., 
joules) of work in lifting the object. 


mg 


Figure 1. Potential energy illustration when a 
downward force is exerted on the pulley rope, 
m, is raised h meters and exerts a force of mig 
in the opposite direction. 


Suppose now that you tie your end of the 
string to another object and release it. See Fig- 
ure 2. The string will exert an upward force on 
the second object equal to the weight mig new- 
tons of the first object. The earth’s gravity will 
exert a downward force m2g newtons on the 
second object. If m2 is less than m,, then the 
second object will be subjected to a net upward 
force of (m)g — m2g) newtons. It will accelerate 
upwards. Meanwhile, the first object, experi- 
encing a net downward force of (mig — m2g) 
newtons, will accelerate towards the floor. It 
will fall a distance of / meters before it crashes 
into the floor. The second object, having been 
accelerated to a certain upward velocity, will 
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now experience only the downward force of 
gravity m2g. If it has reached a sufficiently high 
upward velocity, it may hit the ceiling or reach 
the end of the string, but ultimately it will come 
to rest hanging A meters above the floor. The 
overall effect has been to lift a weight of mass 
mz kilograms to a distance h meters above the 
floor. The net work that has been done is m2gh 
newton meters (joules). Notice that the work 
done in lifting the second object (m2gh newton 
meters) is Jess than the work done in raising the 
first object (m);gh newton meters) because m> 
was less than m). 


Figure 2. Potential energy illustration where 
my is less than m;. The work done by raising m 
though the distance h is force x distance = 
m2gh. This situation will be true even if the dif- 
ference in mass between m; and mz is very 
small. In the limit, the maximum work would be 
done if m2 were only a negligibly small amount 
less than m;. A mass m, at a height h therefore 
has the ability to do no more than mj,gh units of 
work. It has a potential energy of m,gh. 


Suppose now that the mass m; of the second 
object is only a few milligrams less than that of 
the first object. The second object will experi- 
ence a very small upward force, and it will ac- 
celerate upwards very slowly. At the same time 
the first object will accelerate downwards very 
slowly until it lands gently on the floor. The 
second object, having reached only a very small 
velocity, will very quickly come to rest at a height 
h meters above the floor. The net work that has 
been done is again m2gh newton meters. Notice 
that the work done in lifting the second object 
(m2gh newton meters) is again less than the 
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work done in raising the first object (m gh new- 
ton meters) because m), was less than m/. 


Carrying this line of argument to its limit, as 
the mass of the second object approaches that 
of the first, the net force acting on each object 
will approach zero. When the second object is 
only a tiny amount less massive than the first, 
the second object will take an extremely long 
time to rise to its ultimate height of / meters 
above the floor and will overshoot its rest posi- 
tion by only a minute distance. The work done 
will be m2gh newton meters, which in this case 
is very close to the work m ;gh newton meters 
that was done when the first object was lifted h 
meters above the ground. 


Ultimately, a weight of mass m kilograms 
hanging / meters above the floor has the capac- 
ity to do mgh newton meters of work in falling 
to the floor. It therefore possesses a potential 
energy of mgh joules. In this example, the ob- 
ject possesses potential energy because of its 
position in the gravitational field of the earth. 
Potential energy is also possessed by objects 
such as compressed springs, to which a force 
has been applied over a distance to distort the 
shape of the object. 


Equilibrium 


When the masses of two objects hanging 
from a string on either side of a pulley are ex- 
actly equal, the upward and downward forces 
acting on each object are exactly balanced. The 
forces are said to be in equilibrium. Once a sys- 
tem is in equilibrium, there are no net forces 
available to do work. A system in equilibrium 
can do no work. The available energy is zero. 


When the masses of the two objects are un- 
equal, the system will come to rest with one 
weight on the floor and the other hanging in the 
air. Again, the forces acting on each weight are 
exactly balanced, the available energy is zero, 
and the system can do no work. The system has 
come to equilibrium, but the equilibrium is 
clearly very different from that achieved when 
the two weights were equal. In that case, a tiny 
change in the mass of either weight would upset 
the equilibrium. This leads to the idea of a re- 
versible process. A process is reversible if its 
direction can be reversed by an infinitesimally 
small change. 
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Equilibrium and Reversibility 


The imaginary experiment with the hanging 
weights provides a useful mechanical example 
of a reversible process. 


Imagine that the two weights are of exactly 
equal mass, and that they are hanging at equi- 
librium on either side of a perfect pulley that 
offers absolutely no resistance to motion. Now, 
imagine that the mass of one object is increased 
by a very small amount. Perhaps a very tiny 
speck of dust falls on it. The forces on the two 
weights are no longer equal. The heavier weight 
will start to accelerate downward, with an ex- 
tremely small acceleration. Now suppose that 
the speck of dust is blown off the weight with a 
gentle puff of air that imparts no vertical accel- 
eration to either weight. The net forces acting 
on each object will again be zero, and accelera- 
tion will cease. According to Newton’s First 
Law, each body will keep moving upward or 
downward at the very tiny velocity that it had 
acquired after its very small acceleration. After 
an extremely long time, the system will come to 
equilibrium with one object on the floor and the 
other object / meters above the ground. At any 
instant, the addition of a very small mass to the 
rising object would cause it to experience a net 
downward force so the direction of motion 
would reverse. Such a process, that can be set 
into reverse by an infinitesimally small change, 
is an example of a reversible process. 


Notice that when this reversible process even- 
tually comes to equilibrium, the system will have 
done the maximum possible amount of work. 


In thermodynamics, a process carried out 
reversibly will always perform the maximum 
possible amount of work, but will take an infi- 
nitely long time to do so. All natural processes 
take place in a finite amount of time and are 
therefore irreversible. Nonetheless, the concept 
of a reversible process is important in thermo- 
dynamics because of the link between reversi- 
bility and maximum work. This will be dis- 
cussed further in the section dealing with the 
Second Law of Thermodynamics. 
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Kinetic Energy 


Kinetic energy is the energy possessed by a 
body because of its state of motion. 


A thought experiment can show how a mov- 
ing body can do work in being brought to rest. 
See Figure 3. Imagine a body of mass m, kilo- 
grams moving with a uniform velocity of v me- 
ters per second over the surface of an ideal, fric- 
tion-free table. At the edge of the table is a per- 
fect pulley, over which passes a string attached to 
a small object of mass m, kilograms sitting on 
the floor. The moving object is travelling away 
from the pulley. At a certain point the string is 
suddenly attached to the moving object. It pulls 
tight, and lifts the second object off the ground. 
The string exerts a force on the moving object, 
causing it to accelerate in the opposite direction 
to its direction of motion. Eventually the mov- 
ing object comes momentarily to a stop after 
having moved through a distance of / meters. 
The small object has been raised a height of h 
meters above the ground, so the moving object 
has done m2gh newton meters of work. 


h=v.t=1/2vt 


work = m.gh 


Figure 3. Kinetic energy illustration. Mass m, 
was originally moving with constant velocity v 
but was brought to a halt by raising mass m; 
through a vertical distance h. During this time 
m, travels through a horizontal distance h and 
undergoes a negative acceleration a. The 
average velocity of m; while it is being slowed 
down is v/2, the time taken for this process is 
v/a. The distance h is given by average velocity 
x time (i.e., v/2 x v/a). The force acting on m, 
is mass X acceleration (i.e., m; < a). The work 
done is force x distance (i.e., 42m,v’). See text 
for details. 
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In bringing the moving object to a halt, the 
force mg newtons has been applied over a dis- 
tance of 4 meters. This force was applied to an 
object of mass m, kilograms and accelerated it 
from an initial velocity of v meters per second 
to a final velocity of zero meters per second. 


The distance / over which the force acted is 
given by the average velocity v,, multiplied by 
the time f: 


h= Vat 


The average velocity v,, is half the sum of 
the initial velocity (v) and the final velocity 
(0 meters per second), so the distance / is given 
by 


h=~ 
2 
1 

=—vt 
2 


(v+0)t 


The final velocity (0 meters per second) is 
given by the initial velocity (v) plus the accel- 
eration —a multiplied by the time ¢. Notice that 
the acceleration is given a negative sign, be- 
cause it is acting in the opposite direction to the 
initial velocity v. 


0=v-at 
v 
so t=— 
a 
1 
h=—vt 
2 
and = (2) 
2 \a 
od v 
2\ a 
But 
force =mass x acceleration 
=ma 
and work = force x distance 
=mah 
=ma | —-— 
2a 
1 
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The work done by a body of mass m; kg be- 
ing brought to rest from an initial velocity of v 
meters per second is % m 7 newton meters. A 
body of mass m kg moving with a velocity v me- 
ters per second has a kinetic energy of 4% mv’ 
joules. 


Conservation of Energy 


In the thought experiment just described, the 
moving body on the table top was brought mo- 
mentarily to rest, while the small body sus- 
pended from the pulley was raised a distance h 
meters above the floor. The potential energy of 
the suspended body became m2gh joules, while 
the kinetic energy of the body on the table be- 
came zero joules. Obviously this situation can 
only last for an instant. The stationary body, 
under the influence of the force m2g in the 
string, will begin to accelerate in the opposite 
direction as the suspended object falls towards 
the floor. The falling object will end up on the 
floor, having fallen through a distance / meters, 
and its potential energy will again be zero. By 
reversing the arguments in the previous section, 
it is easy to show that the object on the table 
will end up with a velocity of v meters per sec- 
ond, in the opposite direction to that of its ini- 
tial velocity. Its kinetic energy is again %4 m,v 
joules. Energy has been converted from kinetic 
energy to potential energy and back again. 


In some mechanical devices, conversion 
from potential to kinetic energy and back again 
can (at least in theory) proceed indefinitely. An 
example is the pendulum. At the top of its 
swing, the pendulum is momentarily at rest, so 
its kinetic energy is zero and its potential energy 
is at a maximum. At the bottom of its swing, 
the pendulum is moving at its maximum veloc- 
ity, its kinetic energy is at a maximum and its 
potential energy is at a minimum. As the pendu- 
lum swings to the top at the other side, the ki- 
netic energy decreases to zero and the potential 
energy rises back to the maximum value. In 
principle, if there were no losses of energy, this 
process could repeat indefinitely. Such a system 
is called a conservative system, because the to- 
tal mechanical energy is conserved. A real pen- 
dulum does not keep swinging indefinitely but 
eventually comes to a halt. This indicates that 
the transformation of potential energy to kinetic 
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energy and back again is not 100% efficient. 
What happens to the lost energy? Part of it goes 
to stir up the air through which the pendulum 
moves, and some is used in moving the parts of 
the suspension device past each other. Ulti- 
mately, this energy is converted to heat. The air 
and the suspension device are a little bit warmer 
at the end of the process than they were at the 
beginning. 


In the last century the British scientist James 
P. Joule carried out careful experiments that 
showed that mechanical work could be converted 
entirely into heat. Before then, heat and work 
were measured in different units. Now, (at least 
in scientific work), the same units are used for 
both. 


The conversion of mechanical work into 
heat is important in pyrotechnics. Devices such 
as the friction match, the party popper, the pull- 
wire igniter and the percussion cap all rely on 
the conversion of mechanical work into heat 
that subsequently ignites a pyrotechnic compo- 
sition. Unintended initiation of pyrotechnic 
mixtures during manufacturing and processing 
can result from the mechanical work associated 
with friction, shock or impact being transformed 
into heat. The heat produced in such processes 
is highly localized and can be very effective in 
initiating certain sensitive mixtures. 


It is a fundamental postulate of thermody- 
namics that when heat is taken into account, the 
total amount of energy in the universe is con- 
stant. This is the Law of Conservation of Energy. 


Heat as a Form of Energy 


As outlined in the preceding sections, en- 
ergy is transferred between mechanical systems 
as work. The Law of Conservation of Energy is 
based on the recognition that energy can also be 
transferred as heat. There are several other 
processes that can transfer energy. Electric cur- 
rents and various types of radiation are two ex- 
amples. In this discussion of chemical thermo- 
dynamics, however, it will be sufficient to con- 
sider only heat and work. 


Classical chemical thermodynamics made 
no reference to the molecular structure of mat- 
ter. It is, however, very useful to interpret ther- 
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modynamic properties by relating them to the 
behavior of molecules. Heat can be thought of 
as the energy associated with the random mo- 
tion of molecules. This makes the connection 
between mechanical work and heat much easier 
to understand. In Joule’s experiments, water 
stirred by mechanically driven paddles became 
hotter. From a molecular perspective one can 
imagine the uniform motion of the molecules in 
the paddles moving nearby water molecules, 
initially in a rather uniform way. The motion of 
the water molecules would quickly become 
randomized as one molecule collided with an- 
other, so ultimately the effect of the stirring 
paddles would be to increase the random mo- 
tion of the molecules—in other words, to heat 
the water. Each molecule has a certain mass m, 
and at any instant of time has a certain velocity 
vy. At that instant the molecule has a kinetic en- 
ergy ‘mv’. The average kinetic energy of the 
molecules is directly related to the temperature 
of the material. 


As well as energy being transferred between 
molecules by direct mechanical impact, it can 
also be transferred by electromagnetic radia- 
tion. A proper discussion of this would take up 
considerable space. It is sufficient to note that 
this radiation is familiar to us as light and radi- 
ant heat (or infra-red radiation), the only fun- 
damental difference between these being the 
energy with which the radiation is associated. 
The energy of electromagnetic radiation can be 
thought of as being packaged into particles 
called photons. The energy of a photon is re- 
lated to the wave properties of the radiation 
through Planck's relationship: 


he 
v= — 
iN 


by 
I 
> 


where v (Greek letter nu) is the frequency in 
cycles per second (units: inverse seconds, s“, 
often called hertz, Hz), c the velocity of light 
(2.9979 x 10° meters per second in vacuum) and 
X the wavelength in meters. The constant of 
proportionality h is Planck’s constant (6.6262 x 
10°’ joule seconds). Radiation emitted by a 
molecule travels through space and can be ab- 
sorbed by another, resulting in a transfer of en- 
ergy from one molecule to another without any 
direct contact between them. 
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Temperature 


The idea of temperature is familiar from 
everyday life, as an indicator of ‘hotness’ or 
‘coldness’. Historically, people have chosen 
some property of matter that varies with ‘hot- 
ness’ or ‘coldness’ and used it as the basis of a 
system for measuring temperature. Such a 
property is the volume of a fixed mass of gas or 
liquid. A fixed mass of gas or liquid, arranged 
in such a way that changes in volume can be 
readily measured, can be used as a temperature 
measuring instrument or thermometer. The 
thermometer is calibrated by placing it in envi- 
ronments where the temperature is reproduci- 
ble. One such environment is a mixture of pure 
water and ice. The temperature of this mixture 
has been assigned the value of 0 degrees Cel- 
sius (°C). The temperature of pure water boiling 
at atmospheric pressure has been assigned the 
value of 100 °C. The liquid or gas in the ther- 
mometer has a certain volume in the melting 
ice, and another, larger volume in the boiling 
water. This range of volumes is divided into 
100 equal parts, and a change of one of these 
units of volume is defined to correspond to a 
change in temperature of | degree Celsius. It is 
found experimentally for gases that 1 degree 
Celsius corresponds to a change of 1/273 of the 
volume at 0 °C. This suggests that if the tem- 
perature were reduced to —273 °C, the volume 
of the gas would shrink to zero. While this is 
only a “thought experiment’, because all real 
gases turn into liquids before the temperature 
reaches —273 °C, it suggests the very important 
idea of an absolute zero of temperature at 
—273 °C. More accurate estimates give the 
value as —273.15°C. The temperature scale 
used in scientific work, the kelvin (or absolute) 
scale, uses the same degrees as the Celsius scale 
but starts at absolute zero. The kelvin tempera- 
ture is obtained by adding 273.15 to the Celsius 
temperature. The unit of temperature on the 
absolute scale is the kelvin (K). 


The Zeroth Law of Thermodynamics 


Temperature could be defined as “the prop- 
erty that is measured by thermometers”. This is 
expressed in a formal way as follows: 
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Two bodies that are in thermal equilibrium 
with a third body are in thermal equilibrium 
with each other. They share a common property 
called “temperature”. 


This statement is the Zeroth Law of Thermo- 
dynamics. 


The ‘third body’ referred to in the Zeroth 
Law is the thermometer. Being in thermal equi- 
librium means that the transfer of heat from the 
body to the thermometer is exactly balanced by 
the transfer of heat from the thermometer to the 
body. This situation is easily recognized, be- 
cause the reading of the thermometer is then 
constant. 


Molecular Interpretation of 
Temperature 


Temperature is a measure of the average ki- 
netic energy associated with the random motion 
of molecules. A detailed discussion of the rela- 
tionship between molecular motion, energy and 
temperature is not appropriate here; useful ref- 
erences are provided later, in the section on the 
molecular interpretation of entropy. 


Heat Capacity 


It is found experimentally that different 
amounts of energy are required to change the 
temperature of the same mass of different sub- 
stances by the same amount. The heat capacity 
of a substance is the quantity of energy required 
to raise the temperature of a specified amount 
of the substance by one kelvin. In thermody- 
namics, particularly when dealing with gases, it 
is necessary to distinguish between C,, the heat 
capacity at constant volume, and C,, the heat 
capacity at constant pressure. 


Amount of a Substance 


In chemical thermodynamics the amount of 
a substance is specified in moles (mol). One 
mole of any substance is the molecular weight 
of that substance expressed in grams. The mo- 
lecular weight is simply the sum of the atomic 
weights of all the atoms in one molecule of the 
substance. The atomic weight is the ratio of the 
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mass of that atom to the mass of an atom of the 
most common type of carbon atom, which has 
been assigned a mass of exactly 12 unified 
atomic mass units (symbol u). One mole of a 
substance contains 6.022 x 107° molecules. This 
enormous number 
602,200,000,000,000,000,000,000 

molecules per mole is called Avogadro’s Num- 
ber. 


Thermodynamic Systems 


Thermodynamics attempts to gain some un- 
derstanding of the incredibly complex world by 
focusing attention on relatively simple aspects 
of it. In any thermodynamics experiment, 
whether done in the laboratory or in the imagi- 
nation, the objects that are being studied are 
very carefully defined and are called the system. 
Everything else in the world is called the sur- 
roundings. The system may interact with the 
surroundings, or it may be kept separate from 
the surroundings so that there is no interchange 
of matter or energy between it and the sur- 
roundings. The system is then said to be iso- 
lated. A system that cannot exchange matter 
with its surroundings, but that may exchange 
energy, is called a closed system. A system that 
can exchange both matter and energy with its 
surroundings is called an open system. The 
combination of system and surroundings is called 
the universe. 


Thermodynamic States and 
State Functions 


Having decided what the system of interest 
is, the next step is to describe it as completely, 
yet as concisely, as possible. The aim is that 
anyone given the description should be able to 
reproduce the system in all its relevant aspects. 
Thermodynamics does not concern itself with 
the molecular structure of matter, so the posi- 
tion and energy of all the individual molecules 
in the system are not relevant. That is just as 
well. On the molecular level, the world is in a 
state of constant change. If the position and en- 
ergy of all the molecules in the system (the mi- 
croscopic state of the system) could ever be 
described, the description would be correct only 
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for an instant. It could be reproduced only by 
pure chance, and then only for an instant. 


Thermodynamics deals only with those as- 
pects of a system that can be measured by large- 
scale devices such as thermometers, measuring 
rods and pressure gauges. Such properties are 
called macroscopic properties. A complete de- 
scription of the macroscopic properties of a sys- 
tem is called the thermodynamic state of the 
system. The thermodynamic state can be de- 
scribed by a relatively small number of proper- 
ties, called state functions. State functions are 
chosen so that their values depend only on the 
thermodynamic state of the system and not on 
the path that was taken to reach that state. There 
are two sorts of state functions: intensive func- 
tions, such as temperature and pressure that do 
not depend on the amount of matter in the sys- 
tem; and extensive functions, such as mass and 
volume that depend on the amount of matter 
(number of moles) present. It is obvious that 
mass must be an extensive function. One can, 
however, imagine a system of fixed volume, 
into which any quantity of gas might be com- 
pressed. In such a system, volume would not be 
an extensive function, but a constant. For vol- 
ume to be an extensive function, the volume of 
the system must be variable. Such systems are 
often modeled as a cylinder closed with a per- 
fectly sealed, massless piston that offers no re- 
sistance to motion. 


State functions are always indicated by capi- 
tal letters, but not all quantities indicated by 
capital letters are state functions. A quantity 
indicated by a lower-case letter will not be a 
state function, and its value may depend on the 
path that was taken by the system to arrive at its 
present state. 


The algebraic relationship between the state 
functions is called the equation of state of the 
system. An example is the equation of state for 
a perfect (or ideal) gas. A perfect gas is simply 
one in which the physical volume of the mole- 
cules is negligible in comparison to the volume 
of the gas, and in which forces between the 
molecules are negligible. The system to which 
the equation of state for a perfect gas applies is 
a fixed amount of perfect gas in a container of 
variable volume, such as a cylinder sealed with 
a perfect, frictionless, massless piston. The con- 
tainer is equipped with a thermometer and a 
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pressure gauge. The volume can be calculated 
from the position of the piston. The equation of 
state is 


PV=nRT 


P is the pressure in pascals, V is the volume in 
cubic meters, 1 is the number of moles of the 
gas, R is the universal gas constant (8.3143 
joules per mole per kelvin) and T is the tem- 
perature in kelvin. 


Each side of this equation can be expressed 
in units of energy: 


e The left-hand side is the energy associated 
with the mechanical properties of the system: 


3 
PV =newtons per meter’ x meter 


= newton meters = joules. 


e The right hand side is the energy associated 
with the thermal properties: 


nRT = number of moles x 
joules per mole per kelvin x kelvins 


= joules. 


¢ The equation of state is simply the Law of 
Conservation of Energy applied to a perfect 
gas. 
The equation indicates that for a fixed amount 
(n moles) of gas, there are only two properties 
that need to be specified. For example, if the 
pressure and the temperature are specified, the 
volume of the gas is fixed. This is a conse- 
quence of the Law of Conservation of Energy, 
as expressed in the equation of state. 


The equation of state can be re-arranged to 
indicate how the volume varies with the other 
parameters. 


EE nkT(+) 
PP iy 

indicates that the volume (V) of a fixed 
amount (7 moles) of gas at a constant tem- 
perature 7 is inversely proportional to the 
pressure P. This relationship was established 
experimentally in the 17th century and is 
known as Boyle’s Law. 


nRT 


e V= also shows that the volume of a 


fixed amount (7 moles) of gas at a fixed 
pressure P is proportional to the absolute 
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temperature 7. This relationship, also first 
established experimentally, is known as 
Charles’ Law. 


- Finally, y-"= shows that a fixed vol- 


ume of any perfect gas under the same con- 
ditions of temperature and pressure con- 
tains the same number of moles, and hence 
the same number of molecules. This was 
first proposed by Avogadro, and is called 
Avogadro’s hypothesis. 
A great deal of information about the behav- 
ior of gases is summarized in the simple equa- 
tion PV = nRT. 


Changes in State Functions 


If a system undergoes a change from one 
thermodynamic state to another, the new state 
will, by definition, be described by a new set of 
values of the state functions. The values of the 
state function after the change will depend only 
on the properties of the new state. They will not 
be influenced in any way by any properties that 
the system might have had while it was in the 
process of undergoing the change. Many ther- 
modynamic calculations deal with changes in 
state functions. Such changes are always calcu- 
lated by subtracting the value of the initial state 
function from that of the final one. For exam- 
ple, for a temperature change from a starting 
temperature 7; to a final temperature 7, the 
change of temperature AT is given by 


AT =T,-T; 


The symbol A that indicates “change of” is 
the capital form of the Greek letter delta. The 
symbol “AT” is read “delta tee”. 


State Functions and Equilibrium 


A system is in equilibrium when the values 
of the state functions are constant in all parts of 
the system. In other words, for a system at equi- 
librium 

AX =0 
where X is any state function. This is one defi- 
nition of thermodynamic equilibrium. 
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Internal Energy and the 
First Law of Thermodynamics 


So far, three state functions have been intro- 
duced. These are the temperature 7, the volume 
V, and the pressure P. All of these can be meas- 
ured easily. There are other state functions that 
are not measured directly. Such a state function 
is the internal energy of a system, denoted by 
the symbol U. This is the sum total of the energy, 
in whatever form, stored in a system. The total 
energy will obviously vary according to the 
amount of substance in the system, so internal 
energy is an extensive function. The absolute 
value of the internal energy of a system is not 
of concern to thermodynamics, but changes in 
internal energy are of central importance. Sup- 
pose a system undergoes a change in internal 
energy from an initial (unknown) value of U; 
joules to a final value (unknown) value of U; 
joules. Then the change in internal energy AU is 


AU = U,-U, 


This might not seem very useful, since U; 
and U, are both unknown. The equation is noth- 
ing more than another statement of the Law of 
Conservation of Energy. The change in internal 
energy AU represents the net energy that has 
come into the system from the surroundings or 
that the system has lost to the surroundings. For 
the purposes of this discussion, only two ways 
of a system exchanging energy with the sur- 
roundings are relevant. Energy can be trans- 
ferred mechanically, as work, denoted by w. For 
example, if a gas expands against an external 
pressure, the gas does work. Energy can also be 
transferred as heat, denoted by g. The change in 
internal energy can now be written: 


AU=q-w 


This states that the change in internal energy 
AU of a system is given by the heat g absorbed 
by the system minus the work w done by the 
system on its surroundings. 


This statement, which is again a statement of 
the Law of Conservation of Energy, is the First 
Law of Thermodynamics. 


Heat or work going into the system from the 
surroundings increases the internal energy of 
the system, and heat or work leaving the system 
decreases the internal energy. 
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Enthalpy 


The four state functions introduced so far 
are the intensive functions temperature, 7, and 
pressure, P, and the extensive functions vol- 
ume, V, and internal energy U. 


It is convenient to define another state func- 
tion, called enthalpy, H. This is given by 


H=U+PV 


Notice that H has units of energy. Since U, 
P and V are all state functions, H is necessarily 
one as well. Notice, too, that U and V are exten- 
sive functions, and consequently H is also an 
extensive function. Since the purpose of state 
functions is to give the most concise description 
of a system, it might seem counterproductive to 
introduce another function that combines three 
others. Why use five when four would be 
enough? 


The reason will emerge from the following 
discussion. The change in enthalpy when a sys- 
tem with an original enthalpy H, changes to a 
final enthalpy A is given by 


AH =H,-H, 
= U2 + PoVo—(U; + PiVi) 
= U,—U, + PoV2— PiV, 
=AU+ A(PV) 
=q-wtA(PV) 


Chemical reactions are often carried out in 
systems open to the atmosphere, that is, under 
conditions of constant pressure. Then, 


A(PV) = PAV, and 
AH =q-—w+t+ PAV 


At constant pressure the work w done by the 
system on the surroundings is simply the pres- 
sure P multiplied by the change in volume AV. 


w= PAV 
Therefore, at constant pressure, 
AH =q-wt+ PAV 
=q—PAV+ PAV 
=q 
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The change in enthalpy is a measure of the 
heat transferred between the system and the 
surroundings at conditions of constant pressure. 
This is what makes the enthalpy such a useful 
function in chemical thermodynamics. If the 
enthalpy change is positive, the system will ab- 
sorb heat from the surroundings. An example is 
ammonium nitrate dissolving in water. Such a 
process is endothermic (heat taken in). If the 
enthalpy change is negative, the system will 
release heat into the surroundings. Such a proc- 
ess is exothermic (heat given out). An example 
is sodium hydroxide dissolving in water. 


Thermochemistry 


To find the heat emitted or absorbed in a 
chemical reaction at constant pressure, all that 
is required is the enthalpy change associated 
with that reaction. Enthalpy changes are very 
easily calculated from tables of the standard 
enthalpy of formation AH, of various sub- 
stances (see Table | at end of this chapter). The 
superscript (°) indicates that the change in state 
function is calculated for reactants and products 
in their “standard states” (i.e., solid, liquid or 
gas) at “standard conditions” of pressure, usu- 
ally one bar. Note that the superscript (°) does 
not imply any particular temperature. The tem- 
perature must be specified; the values in Table 
1 are for 298.15 K. 


Recall that enthalpy is an extensive prop- 
erty, that is, it is proportional to the amount of 
substance present. Recall, too, that only changes 
in enthalpy are relevant. For convenience, the 
standard enthalpy of formation of the most sta- 
ble form of any chemical element at a pressure 
of one bar and at a temperature of 298.15 K is 
given the value of zero joules per mole. The 
standard enthalpy of formation of any com- 
pound that can be formed by direct reaction of 
the elements is then very easily obtained, at 
least in principle. Experimental details may 
well be quite difficult. All that is required is to 
measure the heat emitted or absorbed when a 
known amount of the compound is formed from 
the elements at 1 bar and 298.15 K. Since en- 
thalpy is a state function, the intermediate val- 
ues of temperature and pressure during the reac- 
tion are irrelevant. As long as the reactants start 
and the products end at | bar and 298.15 K, the 
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heat emitted or absorbed will correspond to the 
change in enthalpy. 


Hess’ Law of Heat Summation 


The fact that the enthalpy change in a chemi- 
cal reaction does not depend on the path was 
first stated by G. H. Hess in 1840 and is often 
referred to as Hess’ Law. Its usefulness can be 
illustrated by the classic example of how it can 
be used to calculate a quantity that would be 
impossible to measure experimentally: the stan- 
dard enthalpy of formation of carbon monoxide. 


C + %Z0, > CO °=x kJ/mol 


The standard enthalpy of formation of carbon 
dioxide is easily calculated from the molar heat 
of combustion, the heat released when one mole 
of carbon is burned in an excess of oxygen: 


C +O, — CO, ° =—393.5 kJ/mol 


The same approach is not possible for car- 
bon monoxide, because it is impossible to burn 
carbon in oxygen to produce only carbon mon- 
oxide. 


Carbon monoxide can, however, be burned 
in excess oxygen to produce carbon dioxide: 


CO + 40, > COr ° =—283.0 kJ/mol 


The combustion of carbon to carbon dioxide 
can now be imagined to take place in two steps: 


Step 1: 

C+%O > CO AH® = x kJ/mol 
Step 2: 

CO + 402 > CO ° = —283.0 kJ/mol 
By addition: 

C+O,—> CO, AA?°=(x-283.0) kJ/mol 


For this reaction AH° = —393.5 kJ/mol, so 
(x —283.0) kJ/mol = —393.5 kJ/mol 
x =-393.5 kJ/mol + 283.0 kJ/mol 
=-110.5 kJ/mol 
For the reaction to form carbon monoxide, then, 


C + %02, — CO A H°=-110.5 kJ/mol 
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Application to Pyrotechnics 


As an example, consider the thermochemis- 
try involved in a flash powder consisting of a 
mixture of powdered aluminium and potassium 
perchlorate. 


Potassium perchlorate decomposes on heat- 
ing to form potassium chloride and oxygen: 


KCI1O, > kcl +2 O, 


This reaction can be imagined to take part in 
two stages: 


KC10O, > Kt % Ch ae 2 Oz 
K + %Cly > KCl 


Of course the reaction certainly does not 
take place by these two steps. The enthalpy of 
the reaction must, however, equal the sum of 
the enthalpy changes of these two reactions. 
The enthalpy changes of these reactions can be 
obtained from tables of thermochemical data, 
such as Table 1. 


The first reaction is the decomposition of 
one mole of potassium perchlorate into its ele- 
ments. The enthalpy change is, therefore, minus 
the standard enthalpy of formation of potassium 
perchlorate, (433 kJ/mol) = 433 kJ/mol. 


The second reaction is the formation of one 
mole of potassium chloride from its elements, 
and the enthalpy change is the standard enthal- 
py of formation of potassium chloride, 
—437 kJ/mol. 


The total enthalpy change for the decompo- 
sition of one mole of potassium perchlorate is 
the sum of these two enthalpy changes: 


KCIO, > Kt % Cl + 2 Or 
A H° = 433 kJ/mol 


K + 4Ch > KCl A H° = -437 kJ/mol 
KCIO, — KCl + 2 Op A H° =-7 kJ/mol 


The decomposition of one mole of potassium 
perchlorate releases 7 kilojoules of heat. 


Now consider the combustion of aluminium 
in oxygen to form one mole of aluminium oxide: 


2 Al + 3/2 O, -> ALO; 
A H°=—1676 kJ/mol 
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The enthalpy change for this reaction is, of 
course, the standard enthalpy of formation of 
aluminium oxide. 


The net reaction of aluminium with potassi- 
um perchlorate in flash powder is 


3 KCIO, + 8 Al — 3 KCl + 4AL0; 


This can be imagined as taking place in two 
steps: 


Step 1: decomposition of three moles of potas- 
sium perchlorate: 


3 x (KCIO, > KCl + 20, 
A H° =-7 kJ/mol) 


or 


3 KCIO, — 3KCI1 +60, AA°=-21kJ 


and 


Step 2: Combustion of aluminium in oxygen to 
form four moles of aluminium oxide: 


4x(Q2 Al + 3/2 O, > Al,O; 
A H° =-1676 kJ/mol) 


or 


8 Al + 60, — 4AL0; AH°=-6704kJ 


The total enthalpy change for the reaction is 
the sum of the enthalpy changes for the two 
steps: 


3 KCIO, — 3 KCl + 60, A H°=-21kJ 
8 Al + 60, —~ 4AL0; AH°=-6704kJ 


3 KCIO, + 8 Al — 3 KCl + 4AL0; 
A H° =— 6725 kJ 


The reaction of three moles of potassium 
perchlorate with eight moles of aluminium re- 
leases 6725 kilojoules of heat. 


It is useful to convert the units of measure of 
the amounts of the chemicals from moles to 
grams, because pyrotechnic mixtures are not 
usually specified in moles. 


One mole of aluminium weighs 26.98 grams, 
and one mole of potassium perchlorate weighs 
138.55 grams. These values are obtained from 
the formula weights of these materials, listed in 
Table 1. 


Three moles of potassium perchlorate weigh 
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3 x 138.55 g= 415.65 g 
Eight moles of aluminium weigh 
8 x 26.98 g = 215.84 g 


Three moles of potassium perchlorate plus eight 
moles of aluminium weigh 


(415.65 + 215.84) g = 631.49 g 


This quantity of mixture releases 6725 kilo- 
joules, so the heat released per gram is: 


6716 kJ 


2"? * = 10.69 kI/g 
631.49 g 


The percentage composition of this mixture is: 
potassium perchlorate: 


415.65 g 
631.49 g 


x 100% = 65.8% 


aluminium: 


215.84 ¢ 
631.49 g 


x 100% = 34.2% 


Lancaster!!! quotes two mixtures for Euro- 
pean style flash composition. One of these (66% 
potassium perchlorate and 34% aluminium) is 
almost identical to the mixture just discussed. 


Such a mixture, in which the ratio of the 
components is exactly as required for the bal- 
anced chemical reaction, is called a stoichio- 
metric mixture. 


Lancaster!" also lists some flash mixtures 
that contain sulfur. One of the mixtures he 
quotes is 67% potassium perchlorate, 17% alu- 
minium and 16% sulfur. It is instructive to cal- 
culate the heat output of this composition. 


First, the percentage by weight is converted 
to moles per 100 grams, by dividing the percent- 
age of each component by its formula weight: 


potassium perchlorate: 


SON 0.4836 mol/100 g 


138.55 
aluminium: 


pv 2 0.6301 mol/100 g 


26.98 
sulfur: 
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20) 6499 GIO 
32.06 


From the previous discussion, every eight 
moles of aluminium require three moles of po- 
tassium perchlorate. To find the amount of po- 
tassium perchlorate needed to burn the alumin- 
ium, divide the number of moles of aluminium 
by 8 and multiply by 3. 


Amount of potassium perchlorate required 
to burn the aluminium: 


ee x3 = 0.2363 mol 


Amount left to burn the sulfur: 
0.4836 — 0.2363 = 0.2473 mol 
From the reaction 
KClO, > KCI + 20, 


each mole of potassium perchlorate releases 
two moles of oxygen. The 0.2473 moles of po- 
tassium perchlorate left after burning the alu- 
minium therefore release 2 x 0.2473 = 0.4946 
moles of oxygen. This is available to burn the 
0.499 moles of sulfur. The ratio of oxygen to 
sulfur is 


0.4946 -0.991 
0.4991 


which is very close to 1. The chemical equation 
for the burning of sulfur in oxygen is 


S+O.-> SO, 


with a ratio of one mole of oxygen to one mole 
of sulfur. This composition is therefore very 
close indeed to having exactly enough potas- 
sium perchlorate to burn the aluminium and 
sulfur to their oxides. It is another example of a 
stoichiometric mixture. 


The heat released when aluminium burns with 
a stoichiometric quantity of potassium perchlo- 
rate has already been shown to be 10.69 kJ/g. It 
now remains to calculate the heat released when 
sulfur burns with a stoichiometric quantity of 
potassium perchlorate. The reaction for the de- 
composition of potassium perchlorate has al- 


ready been discussed: 
KClO, > KCl +20, AA°=-7kJ/mol 


The burning of sulfur to sulfur dioxide 
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S +O, > SO, 


is the formation of one mole of sulfur dioxide 
from its elements, so the enthalpy change is the 
standard enthalpy of formation of sulfur diox- 
ide, which from Table 1 is —-297 kJ/mol. 


The total reaction can be thought of as pro- 
ceeding as follows: 


Step 1: Decomposition of half a mole of potas- 
sium perchlorate to release a mole of oxygen: 


YX (KCIO, —> KCl + 20, 
A H° =-7 kJ/mol) 


or 


”KCIO,g > %2KCI +O. AH°=-3.5kJ 


Step 2: Combustion of one mole of sulfur in 
one mole of oxygen to form one mole of sulfur 
dioxide: 

S + 0, > SO, A H° =-297 kJ 


The total enthalpy change for the reaction is the 
sum of the enthalpy changes for the two steps: 


2 KC1lOg > ‘2KCL +O, AHA°=-3.5kJ 
S + QO. > SO» A H° =—297 kJ 
%2 KCIO, + S > “KCI + SO, 

A H°=-300 kJ 


The next step is to convert the units from 
moles to grams. Half a mole of potassium per- 
chlorate weighs 


Vy x 138.55 g = 69.275 g 


One mole of sulfur weighs 32.06 grams. Half a 
mole of potassium perchlorate plus one mole of 
sulfur weighs 


(69.275 + 32.06) g= 101.34 


This quantity of mixture releases 300.5 kilo- 
joules, so the heat released per gram is: 


300.5 
101.34 


= 2.965 kI/g 


One hundred grams of the original mixture 
can be thought of as being made up of two 
stoichiometric mixtures: 


MixtureA: A mixture of 17.00 grams 
(0.6301 moles) of aluminium with the stoichi- 
ometric amount of potassium perchlorate 
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(0.2363 moles or 32.74 grams). Total amount of 
mixture A: 


17.00 + 32.74 = 49.74 g 


Mixture B: A mixture of 16.00 grams (0.499 
moles) of sulfur with the stoichiometric amount 
of potassium perchlorate (0.2495 moles or 34.57 
grams). Total amount of mixture B: 


16.00 + 34.57 = 50.57 g 


Total (Mixture A + Mixture B) = (49.74 + 50.57) 
grams = 100.31 grams per 100 grams. The mix- 
ture is clearly very close to a 50:50 mix of mix- 
tures A and B. The heat output per gram is 
therefore: 


4 heat output per gram Mixture A + 
Y2 heat output per gram Mixture B 
='4 (10.69 kJ/g) + 4 (2.965 kJ/g) 
= (5.345 + 1.483) kJ/g 
= 6.828 kJ/g 


The heat output per gram of the flash mix 
containing sulfur is 6.828 kJ/g, while that of the 
mix containing no sulfur is 10.69 kJ/g. 


This shows that the heat output is only one 
aspect of a pyrotechnic mixture. Another very 
important factor is the speed or rate of the reac- 
tion. While adding sulfur to the flash mix re- 
duces the heat output, it might (and the evi- 
dence is that it does) increase the rate of the 
reaction. A discussion of how this might be so 
is outside the scope of this discussion, as it re- 
lates to chemical kinetics, not thermodynamics. 


Another relevant difference between the two 
mixtures is that the one with no sulfur generates 
products that are solids at room temperature. 
The conversion of these to liquids and/or gases 
at the temperature of the reaction absorbs large 
amounts of heat. The only way that the reaction 
can do mechanical work is by the heat of the 
reaction causing the expansion of a gas. This 
gas can include vaporized products (if there is 
sufficient heat to vaporize them) and the sur- 
rounding air that gets raised to high tempera- 
tures by the heat released in the reaction. 


Suppose one gram of each mixture is ignited 
in a closed container of fixed volume VY. An 
estimate of the maximum pressure reached in 
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the container can be obtained from the equation 
PV=nRT. This gives the pressure as 
_ nRT 

V 


P 


For a fixed volume V this equation predicts that 
the pressure will be proportional to the tempera- 
ture T and to the number of moles of gas n. 


For the mixture of aluminium and potassium 
perchlorate, the chemical equation 


3 KClO, + 8 Al — 3 KCl + 4 ALO; 


shows that three moles of potassium perchlorate 
react with eight moles of aluminium to produce 
three moles of potassium chloride plus four 
moles of aluminium oxide. Potassium chloride 
boils at 1437 K at atmospheric pressure, while 
aluminium oxide does not boil until 2950 K. 
The procedure for calculating the maximum 
temperature in a reaction will be explained in a 
later section. For the moment, it can be as- 
sumed that the temperature of the reaction is 
sufficient to vaporize the potassium chloride 
but not the aluminium oxide. From the equa- 
tion, three moles of potassium perchlorate react 
with eight moles of aluminium to produce three 
moles of potassium chloride vapor. As shown 
previously, three moles of potassium perchlo- 
rate and eight moles of aluminium correspond 
to 613.48 grams of mixture. The amount of po- 
tassium chloride vapor produced by one gram 
of mixture is therefore 


= mol/g = 4.89 x10” mol/g 

613.48 

Now, for the reaction of sulfur and potas- 
sium perchlorate 


%2 KClO, + S > KCI + SO, 


it has been shown previously that one-half a 
mole of potassium perchlorate and one mole of 
sulfur corresponds to 101.34 grams of mixture. 
The amount of potassium chloride produced is 
therefore 


1/2 


= 4.93x10° mol/g 
101.34 


The amount of sulfur dioxide produced is 


=9.86x10° mol/g 


101.34 
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As shown previously, the aluminium/sul- 
fur/potassium perchlorate flash mixture was 
close to one part by weight of the alumin- 
ium/potassium perchlorate mixture and one part 
by weight of the sulfur/potassium perchlorate 
mixture. 


The aluminium/potassium perchlorate mix- 
ture produces 4.89 x 10° moles of potassium 
chloride per gram. Half a gram of this mixture 
will contribute 2.445 x 10° moles of potassium 
chloride to the reaction products. 


The sulfur/potasstum perchlorate mixture 
produces 4.93 x 10° moles of potassium chlo- 
ride per gram. Half a gram of this mixture will 
contribute 2.465 x 10° moles of potassium chlo- 
ride to the reaction products. The total amount 
of potassium chloride produced per gram of 
mixture is therefore 


(2.445 + 2.465) x 10° moles=4.91 x 10° moles. 


This is very similar to the amount of potassium 
chloride (4.89 x 10° moles) produced by one 
gram of the aluminium/potassium perchlorate 
mix. However the sulfur/potassium perchlorate 
mix also generates 9.86 x 10° moles of sulfur 
dioxide per gram of mixture. Half a gram of 
mixture will therefore contribute 4.93 x 10° 
moles of sulfur dioxide to the reaction products. 
The total number of moles of gas at the tem- 
perature of reaction is 4.91 x 10° moles (KCl) 
plus 4.93 x 10° moles (SO,) = 9.84 x 10° 
moles of gas per gram of mixture. This is close 
to twice the number of moles of gaseous prod- 
ucts formed by the aluminium/potassium per- 
chlorate mixture. So, while the mixture that 
contains sulfur produces less heat per gram, it 
produces much more gas per gram. 


An estimation of the total pressure produced 
by the same mass of each mixture in a fixed 
volume would require an estimation of the 
maximum temperature. At the maximum tem- 
perature reached in these highly exothermic 
reactions the reaction products would not be the 
same as the final products at room temperature, 
so the preceding discussion of the amount of 
gas is at best a very rough approximation. A 
more realistic analysis would require thermo- 
dynamic modeling of the reactions on a com- 
puter, to be discussed later. 
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It is worth emphasizing that the enthalpy of 
a reaction depends only on the reactants and 
products and not on the path taken to go from 
one to the other. Consequently the possible 
formation of aluminium sulfide by reaction of 
the sulfur and aluminium can contribute noth- 
ing to the enthalpy of the reaction. While the 
reaction of aluminium and sulfur is indeed 
highly exothermic: 


2 Al+3S— ALS; A H° =-724 kJ/mol 


the heat released in this reaction would be ex- 
actly balanced by the heat absorbed when the 
aluminium sulfide was (conceptually, if not in 
reality) broken down into its elements before 
they were oxidized to form aluminium oxide 
and sulfur dioxide. 


Effect of Temperature 
on the Enthalpy 


Tables of standard enthalpies of formation 
usually list values at 298.15 K (25°C).?°! 
Barin’s tables'*! list enthalpies of formation at 
intervals of 100 K, so it is easy to calculate en- 
thalpy changes at any desired temperature in the 
range listed. 


It is useful to understand how enthalpy 
changes for reactions at other temperatures can 
be calculated from the standard enthalpies of 
formation of the reactants and products at 
298.15 K. 


Suppose you wanted to calculate the enthalpy 
change for some reaction at 500 K: 


Reactants at 500 K — Products at 500 K 


From tables, you have the enthalpy change for 
the reaction at 298.15 K. 


Step 1. Imagine the reactants at 500 K are 
brought to 298.15 K; then calculate the en- 
thalpy change for this process. For the simplest 
cases, this will be the heat capacity at constant 
pressure of the reactants multiplied by the tem- 
perature change. This is complicated by the fact 
that the heat capacity varies with temperature; 
formulas are available for some materials that 
give the heat capacity as a function of tempera- 
ture. If one or more of the reactants undergoes a 
phase change (melts, for example) over the 
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temperature range of interest, the enthalpy 
change for that process must also be included. 


Step 2. Imagine that the reaction takes place at 
298.15 K and that it forms products at that tem- 
perature. Calculate the enthalpy change from 
tables. 


Step 3. Imagine that the products at 298.15 K 
are heated to 500 K. The enthalpy change for 
this process is at least the heat capacities at con- 
stant pressure of the products multiplied by the 
temperature change. Again, it is necessary to 
account for the variation of heat capacity of 
each substance with temperature. The enthalpy 
changes associated with any melting or vapori- 
zation of the products must also be included. 


The enthalpy change for the reaction at 500 K 
is simply the sum of the enthalpy changes for 
steps 1, 2 and 3. 


For reactions with large enthalpy changes, 
the contributions of steps 1 and 3 can be small 
compared with that of step 2. In such cases, and 
for relatively small temperature changes, the 
enthalpy change of the reaction will vary to 
only a small extent with temperature. 


Spontaneous Processes 


In chemical thermodynamics a “spontane- 
ous” process means one that will continue to 
equilibrium once it has been started, without 
further input of external work. This is different 
from the usage in ordinary speech, where some- 
thing is said to be “spontaneous” if it happens 
“of its own accord”. The reaction of aluminium 
with hydrochloric acid is spontaneous in both 
the conventional and the thermodynamic senses. 
The reaction between aluminium and potassium 
perchlorate is spontaneous in the thermody- 
namic sense, but not in the conventional. The 
reasons why many thermodynamically sponta- 
neous processes are not spontaneous in the con- 
ventional sense are dealt with by chemical ki- 
netics. 
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A New State Function: Entropy 


The First Law summarizes the experience of 
many generations of scientists and engineers 
that energy cannot be created or destroyed, but 
is merely transferred in one form or another. If 
you watch a movie that is being run in reverse, 
you will see examples of energy being trans- 
ferred in ways that are completely consistent 
with the First Law, but which never happen in 
the real world. Something that could happen in 
such a movie, but not in the real world, would 
be a balloon inflating by itself as air rushes into 
it from the room. A block of ice might emerge 
from a bucket of hot water, with the water com- 
ing to the boil as the ice freezes. Neither one of 
these processes conflicts with the First Law, but 
neither has ever been observed. There is clearly 
a preferred direction of change in the real 
world. 


In the real world, gas at high pressure will 
spontaneously flow to a region of low pressure, 
until the pressure in both regions is the same. A 
cold object and a hot object in contact will 
come to an intermediate temperature. In each 
case, the system has come to equilibrium. It has 
also lost the ability to perform work. A system 
with gas at different pressures could do work 
through a fan or turbine placed between the two 
regions. A system with two bodies at different 
temperatures could do work through a heat en- 
gine placed between the two bodies. In coming 
to equilibrium, the system has lost the ability to 
do work, but the internal energy of the system 
has not changed. No work has been done, and 
no heat has been exchanged with the surround- 
ings, so the internal energy must be the same. 
Energy that was once available to do work has 
somehow become unavailable as the system has 
come to equilibrium. 


In the examples just given, at the beginning 
of the process, a thermodynamic state function 
was different in various parts of the system. In 
one case, the pressure was different. In another, 
the temperature was different. To reach equilib- 
rium, the system changed in such a way that the 
state functions became equal in all parts of the 
system. This leads to an important question. Is 
there a state function that can be used to indi- 
cate whether or not a chemical system is in 
thermodynamic equilibrium? Clearly pressure 
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and temperature will not suffice. A mixture of 
potassium perchlorate and powdered aluminium 
might well be at uniform temperature and pres- 
sure, but it is certainly very far from a state of 
thermodynamic equilibrium. A new state func- 
tion is needed. To arrive at it, however, requires 
a measure of the loss of ability to perform work 
that accompanied the attainment of equilibrium 
in the two simple examples just discussed. 


In the nineteenth century Clausius'™! intro- 


duced a thermodynamic state function called 
entropy (symbol S) that provides just such a 
measure. The word comes from a Greek word 
meaning “transformation” or “change”. 


Recall that for any process the change in in- 
ternal energy is 


AU=q-w 


where AU is the change in the internal energy 
of the system, g is the heat absorbed by the sys- 
tem and w is the work done by the system. 


Recall, too, that the maximum work done by 
a system in coming to equilibrium is w,.,, the 
work that is done when equilibrium is reached 
in a reversible process. A reversible, or gua- 
sistatic, process 1s one in which all change takes 
place infinitely slowly, so that the system is in 
equilibrium at each step in the process. The 
concept of a reversible process is important be- 
cause it allows powerful mathematical tools 
(the calculus) to be applied to problems that 
would otherwise be extremely difficult or im- 
possible to model mathematically. For the pre- 
sent discussion, the important point is that the 
work done and the heat absorbed, in the re- 
versible process taking a system from one state 
to another, is the maximum possible for that 
change in internal energy. 


For each very small step in a reversible proc- 
ess, the First Law of thermodynamics becomes 


dU i dd rev _ dWyey 


The symbol “d” can be taken to mean “an ex- 
tremely small change in”. 


The heat absorbed by the system (dq,.,) dur- 
ing this very small change was absorbed at a 
particular temperature 7. Because dq,., is ex- 
tremely small, 7 can be taken as constant over 
the time taken for the change. The ratio dq,../T, 
taken at every step during a change from a first 
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state 1 to a second state 2 leads to a new state 
function called the entropy. The change in en- 
tropy AS is defined by 


2 
q 
AS = S, —S, = (d= 
2 1 J T 


The integral sign | (an elongated “S”’) in this 


equation is simply an instruction to add up 
(“sum”) the quantities that follow. Stated in 
words, the right hand side of the equation 
means “the sum of the ratio dq,./T for every 
step in the process, starting at State | and end- 
ing at State 2”. 


The direction of change in the physical world 
can be predicted from the entropy change. 
Change will always occur in such a way that the 
entropy of the universe increases. This is one 
way of expressing the Second Law of Thermo- 
dynamics. Recall that in thermodynamics the 
word “universe” means the system of interest 
plus its surroundings, and that the system and 
its surroundings are assumed to be totally iso- 
lated from external influences. A thermodynamic 
“universe” could be, for example, a piece of 
experimental apparatus enclosed in a perfectly 
insulated box. 


Molecular Interpretation 
of Entropy 


The entropy, as introduced in classical ther- 
modynamics, is a rather abstract concept. It is 
not obvious why the ratio of heat absorbed in a 
reversible process to the temperature at which 
the absorption occurs should be associated with 
the direction of change in the physical world. 
The situation becomes completely different 
when we think about what the molecules are 
doing. It is then possible to express the Second 
Law very crudely, but accurately, as “moving 
molecules get into a mess”. 


The Natural Tendency To Get into a Mess 


It is a matter of personal experience that there 
is anatural tendency for things to get into a mess. 


Everybody knows how difficult it is to keep 
a kitchen or workshop tidy. Unless you take 
care to put everything back where it belongs, 
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the place soon gets messed up. Why? Simply 
because there are millions upon millions of 
ways of putting things in a room that make it 
look a mess, but relatively few ways of arrang- 
ing things that make it look tidy. That is consis- 
tent with the old adage “a place for everything, 
and everything in its place”. According to that 
tule, there is only one arrangement of things 
that is consistent with the room being tidy. At 
the other extreme, who could say how many 
ways there are of putting things in a room that 
would make the room look untidy? 


Sometimes an untidy room is described as 
“disordered”. In thermodynamics “disorder” 
has a particular technical meaning that is con- 
sistent with the common usage of the word but 
is more rigorously defined. The amount of dis- 
order (in the thermodynamic sense) associated 
with a particular state of a room is simply an 
indication of how many ways of arranging things 
in the room are consistent with that state. For 
example, the state described by “a perfectly tidy 
room” might be consistent with just one possi- 
ble arrangement; the “degree of disorder” of “a 
perfectly tidy room” is low; indeed, it could be 
no lower. At the other extreme, because the de- 
scription “a very untidy room” would be consis- 
tent with countless possible arrangements, the 
degree of disorder of “a very untidy room” is 
very high. 


Messiness among the Molecules 


Go into a tidy room, pick something up, and 
then put it down without thinking about where 
you are putting it, and chances are that it will 
not land in a place that will make the room tidy. 
Do that with two or three or more things, and 
the degree of disorder begins to increase sig- 
nificantly. 


Exactly the same sort of thing happens on 
the molecular scale. With molecules, however, 
it is necessary to think of different velocities as 
well as different positions. To begin with, it’s 
useful to imagine what would happen if mole- 
cules had no tendency whatsoever to stick to 
each other. At a given temperature (room tem- 
perature, for example) such molecules would be 
continually jostling around, incessantly collid- 
ing with each other and rebounding to collide 
over and over again. Left to themselves, they 
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would spontaneously distribute themselves over 
a vast number of different arrangements of po- 
sition and velocity. This is the same as saying 
that a collection of these imaginary molecules 
would naturally get into a state of disorder. 
Having no inherent stickiness, they would have 
no impediment to getting themselves well and 
truly mixed up. They would be in that chaotic 
state that we call a gas. 


The Effect of Temperature on Molecular 
Disorder 


What would happen if the temperature were 
to increase? Recall the Equation of State of a 
Perfect Gas. If the pressure were constant, the 
gas would expand. More space would be avail- 
able for the molecules to move around, and they 
could take up even more different arrangements 
of their positions. What about their velocities? 
Obviously, if temperature is a measure of the 
average molecular kinetic energy, and kinetic 
energy is proportional to the square of the ve- 
locity, the average velocity of the molecules 
would be greater at the higher temperature. De- 
tailed analysis of the behavior of large collec- 
tions of randomly colliding molecules!**! shows 
that the molecules can have a huge range of 
velocities, and the way in which they distribute 
themselves over that range depends on the tem- 
perature. At low temperatures most molecules 
have velocities that are rather close to the aver- 
age velocity. At high temperatures the distribu- 
tion of velocities is much broader, with more 
molecules having velocities very different from 
the average. A proper treatment of the relation- 
ship between molecular velocity and tempera- 
ture??*! is beyond the scope of this discussion. 
The important point is that an increase in tem- 
perature means an increase in the spread of 
molecular velocities and consequently an in- 
crease in disorder." 


Attractions between 
Mixing Molecules 


So far, the molecules have been imagined to 
have no tendency to stick to each other. They 
would spontaneously mix themselves into a 
state of disorder by their random motion. A 
world made of such molecules would be com- 
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pletely disordered on the molecular level but 
completely uniform on the large scale. It would 
be a very dull place. Fortunately, real molecules 
always have a tendency to stick together be- 
cause of attractive forces arising from electro- 
static interactions. If molecules have opposite 
electrical charges, as for example gaseous so- 
dium and chloride ions (Na’ and Cl) these at- 
tractive forces can be very strong indeed. Even 
the most simple and symmetrical molecules 
(atoms of helium or argon, for example) have a 
slight tendency to stick together. The distribu- 
tion of electrons in each atom is continually 
changing, and when the atoms are very close, 
the electrons in each atom come under the in- 
fluence of the nuclear charge of the other. This 
results in a small attractive force between the 
atoms. 


These attractive forces make a great differ- 
ence to the behavior of atoms and molecules at 
low temperatures. Imagine a collection of at- 
oms, all of the same kind, with each atom hav- 
ing a rather high average kinetic energy. For 
example, this could be a quantity of argon gas 
in a container at room temperature. The atoms 
are continually colliding; as they collide, they 
have a slight tendency to stick together. The 
attractive force is very weak, however, and at 
high temperatures is negligible. Now suppose 
that the sample of argon is cooled by some sort 
of refrigerator, to the point where the average 
kinetic energy of the atoms is so low that collid- 
ing atoms can start to stick together and form 
clumps. If the temperature is low enough, some 
of the gas will condense into a liquid. A more 
ordered state of matter (liquid) has spontaneously 
appeared from a more disordered one (gas). 


Order Here, Disorder There 


It seems that cooling the gas has made the 
world a more orderly place. This conclusion 
would seem even more valid if the cooling pro- 
cess were to continue to the point where all the 
argon condensed to a crystalline solid, with the 
atoms neatly arranged in a beautifully regular 
array. That is certainly a more ordered ar- 
rangement of atoms than the original chaotic 
swarm of atoms filling the whole container. 
There is no doubt that the degree of molecular 
disorder in the container has been reduced. 
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In thermodynamics, however, what happens 
in the container is only part of the story. What 
about the surroundings? Recall that the sample 
of gas was originally at room temperature, and 
a refrigerator was used to cool it. For argu- 
ment’s sake, the refrigerator can be assumed to 
be perfectly efficient: it simply takes a quantity 
of energy from the gas, and dumps it into the 
outside world. On the molecular level, this 
means that the molecules of the outside world 
can now move more rapidly and are therefore 
able to become even more disordered. 


As will be shown later, the increase in mo- 
lecular disorder in the outside world must at the 
very least equal the decrease in molecular dis- 
order that happened when the gas condensed 
into a liquid, or when the liquid condensed into 
a solid. Because of the natural tendency of ran- 
domly moving molecules to get mixed up, the 
entire physical world tends to become more 
disordered on the molecular scale. Parts of the 
world can be made very orderly, but the order- 
ing process inevitably results in some other part 
of the world becoming even more disordered. 


To return to the example of the untidy room, 
imagine you are in a small room that is so full 
of stuff that you are up to your elbows in ob- 
jects. You try to tidy the room, but as you pick 
up things and put them where they need to go, 
your movements stir up all the objects around 
you, and they get into more of a mess than they 
were originally. In a room, and in the world at 
large, there is no way around the fact that ob- 
jects moved at random are inevitably going to 
end up in a mess. 


It must be admitted, of course, that continu- 
ous random rearrangement of a set of objects 
does have some chance of putting the objects 
into one of the rare orderly arrangements. That 
chance would be greater if there were only a 
few objects being moved around, but even then 
the objects would remain ordered for only an 
instant. As the number of objects increases, the 
number of possible arrangements increases tre- 
mendously, and the fraction of time that the 
objects spend in orderly arrangements becomes 
completely insignificant compared to the time 
that they spend in disordered arrangements. 


The statement that the world becomes more 
disordered on the molecular scale is another 
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way of stating the Second Law of Thermody- 
namics. 


The Consequences of 
Molecular Disorder 


What are the consequences of this tendency 
to disorder? To answer this, it is necessary to 
look at how molecular disorder shows itself in 
the everyday world. All substances and systems 
have their own characteristic properties, which 
can stay the same only if the positions and ve- 
locities of the molecules that make up the sub- 
stance or system are restricted to a certain 
range. If that range is reduced or exceeded, the 
properties of the substance or system will change. 
For example, the molecules of a crystalline solid 
must remain arranged in a regular array if the 
crystal is to retain its hardness and rigidity. To 
remain in a regular array, the molecules can 
have only a rather restricted range of positions 
and velocities. 


The degree of disorder depends on the num- 
ber of possible combinations of position and 
velocity that are available to the molecules. A 
substance (or system) has a low degree of mo- 
lecular disorder if the molecules that make it up 
can arrange themselves over only a relatively 
restricted number of positions and velocities. 
The degree of disorder in a crystalline solid is 
therefore low. In a liquid, the molecules can 
distribute themselves over a much greater range 
of positions and velocities than they can in a 
crystalline solid. The degree of disorder of a 
liquid is therefore higher than that of a crystal- 
line solid. The molecules in a gas can spread 
themselves over a vast range of positions and 
velocities. The degree of disorder in a gas is 
very high. 


The natural tendency towards molecular dis- 
order would suggest that a crystalline solid 
should spontaneously melt, and the liquid should 
then evaporate and turn into a gas. This cer- 
tainly happens, but only if the temperature is 
sufficiently high. Energy has to be absorbed 
from the surroundings to overcome the forces 
that hold the molecules together in the solid. 
The loss of that energy from the surroundings 
reduces the molecular disorder there. The solid 
cannot melt until the increase in disorder result- 
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ing from its melting at least equals the decrease 
in disorder in the outside world that comes 
about by the transfer of energy from the outside 
to the melting solid. 


How something changes, or whether it 
changes at all, is constrained by two factors: the 
total amount of energy in the universe must stay 
the same, and the total amount of molecular 
disorder in the universe must increase. The first 
of these constraints is a statement of the First 
Law of Thermodynamics, while the second is a 
statement of the Second Law. The Second Law 
was previously stated as the entropy of the uni- 
verse increases. This implies that the entropy is 
a measure of the amount of molecular disorder. 


The Relationship between Entropy 
and Molecular Disorder 


Recall that in thermodynamics, the disorder 
of a system is simply the number of molecular 
arrangements that are consistent with the prop- 
erties of that system. This number is sometimes 
called the thermodynamic probability of the 
system, and is given the symbol W. 

In the nineteenth century Ludwig Boltz- 
mann“! showed that the entropy S of a system 
is given by 


S=kinw 


where k is a constant (Boltzmann’s constant, 
1.381 x 10% joules per kelvin), and In W is the 
natural logarithm of W (The natural logarithm 
of any number x is defined as follows: if x =e’, 
where e is the number 2.71828..., then y = 
In x). 


A Justification of the 
Entropy Formula 


A properly detailed discussion of the mathe- 
matical relationship between entropy and mo- 
lecular disorder’! is beyond the scope of this 
chapter. Nonetheless, it is worth offering a brief 
justification of the formula for the change in 
entropy. 


According to this formula, the entropy change 
AS for a reversible process at constant tempera- 
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ture, such as the melting of ice at 273 kelvin at 
a pressure of | bar, is given by 


as=4 
T 
where q is the heat absorbed and T is the abso- 
lute temperature. 


It is easy to see that the absorption of heat 
would increase molecular disorder, because the 
extra energy would help to overcome attractive 
forces that tend to keep molecules close to- 
gether. Even when attractive forces are negligi- 
ble, the addition of extra energy gives mole- 
cules a broader range of velocities and this 
makes the system more disordered. 


Why is the absorbed heat divided by the ab- 
solute temperature? That implies that the same 
amount of energy produces a greater change in 
the disorder of a collection of molecules at a 
low temperature than it does at a higher tem- 
perature. Does that seem reasonable? Recall 
that collections of molecules become more dis- 
ordered as the temperature increases. The same 
amount of disruption (i.e., added energy) pro- 
duces a greater change in the degree of disorder 
in a group of molecules that was /ess disordered 
to start with than it does in one that was more 
disordered. The analogy with a tidy room is 
useful. Imagine that you go into a perfectly neat 
and tidy room, and you throw ten objects about 
and leave them where they fall. Is it obvious 
how the state of order in the room has changed? 
Now go into a really untidy room and do ex- 
actly the same thing. Pick up ten objects at ran- 
dom, throw them into the air and leave them 
where they fall. Are you aware of much differ- 
ence in the tidiness of the room? The change in 
orderliness produced by the same amount of 
disruption (i.e., randomly changing the positions 
of ten objects) is clearly much greater in a tidy 
room than in a room that was already in a mess. 


It has already been stated that entropy is a 
state function; that is, its value does not depend 
on the path that was taken to arrive at the final 
state. That makes sense, given that entropy is 
basically a measure of how many arrangements 
of molecules are consistent with the properties 
of the system. A system is characterized by a 
particular set of state functions, all of which are 
independent of the path taken to get to that 
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state. Only a certain number of arrangements of 
molecules is consistent with that set of state 
functions; there is no reason to think that that 
number is in any way dependent on the way in 
which the system came to have that particular 
set of state functions. 


Now, temperature is also a state function, 
but the heat absorbed is not. The heat absorbed 
by a system in going from one state to another 
is not well defined at all. It depends on how 
much work was done in the process, and this 
clearly depends on the path taken. However, 
imagine that the change from one state to an- 
other is carried out infinitely slowly, in other 
words, it is carried out reversibly. Then the 
amount of heat absorbed is well defined and is 
the maximum that is consistent with the change 
in internal energy. The proper definition of the 
entropy change is therefore 


AS = fre 
T 

What happens if the temperature is not con- 
stant during the change from one state to the 
next? In such a case, the process must be 
thought of as taking place in very small steps. 
The tiny amount of heat absorbed reversibly by 
the system during this very small step is dq,.. 
The temperature at each step is effectively con- 
stant for that step. The value of q,.,/T is calcu- 
lated for each step, and then all the values are 
added to give the entropy change. This is writ- 
ten as 


2 
= d rev 
AS loa 


This, of course, is the formula presented in a 
previous section as the definition of the entropy 
change that takes place when a system in one 
state (state 1) changes to another state (state 2). 


Entropy Changes in Reversible 
Processes at Constant Temperature 


It is useful to think about entropy changes 
taking place at a constant temperature. This can 
be done if the surroundings are imagined to be 
some sort of huge thermostat, kept at the same 
temperature T. 
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In a reversible process, the entropy change 
in the system 1s given by 


stow 


system ~~ T 


The heat absorbed came from the surround- 
ings, so the heat “absorbed” by the surround- 
ings is —g,e, (the negative sign mean that heat is 
lost by the surroundings) and the entropy change 
in the surroundings is 


A —_ Grey 


surroundings ~~ T 


The entropy change in the universe is the 
sum of the entropy changes in the system and 
the surroundings: 


BS sng = IS sien + AS sivssuiidiics 
=e Grev = Grey 
T T 
=0 


The entropy change in the universe in a re- 
versible process at constant temperature is 
therefore zero. This is consistent with the defi- 
nition of a reversible process as one in which 
the system and its surroundings are always in 
equilibrium. Recall that for a system in equilib- 
rium, the change in any state function is zero. 


Entropy Changes in Real Processes 


Real processes, except those in very care- 
fully controlled electrochemical cells, occur ir- 
reversibly. The entropy changes are easily cal- 
culated if we imagine that the surroundings are 
at a constant temperature 7, as in the previous 
example. First, consider the entropy change in 
the system. Entropy is a state function, so the 
entropy change in the system is exactly the 
same as it would have been if the change had 
been carried out reversibly. 


= doo 


system ~~ T 


The heat absorbed in the real process, how- 
ever, would have been /ess than qyey. This is 
because qdyey 1s the maximum amount of heat 
that can be absorbed for a given change in in- 
ternal energy. The quantity of heat absorbed by 
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the system in an irreversible process can be la- 
beled Girrey. 


Now consider the entropy change in the sur- 
roundings. The heat absorbed by the system, 
Girrey came from the surroundings, so the heat 
“absorbed” by the surroundings is —gi;7e, and the 
entropy change in the surroundings is 


AS = —Girrev 


surroundings T 


As previously, the entropy change in the 
universe is the sum of the entropy changes in 
the system and the surroundings: 


AS = AS + AS 


universe system surroundings 


atte Dev => Girrey 


T T 
>0 


because Girey is always less than qyey. 


The entropy change in the universe in a real, 
irreversible process is always greater than zero. 


Entropy Change in the Expansion of a 
Perfect Gas 


Suppose one mole of a perfect gas with an 
initial volume V; and an initial temperature 7; 
reversibly absorbs a small quantity of heat dq,., 
and expands by a very small volume dV against 
an external pressure P. The final volume is Vp; 
the final temperature is 7>. The work done by 
the gas will then be dw,,, = PdV 


From the First Law, 


dU = dye, * dw,., 


dU =dq,,-P dV 
dq,,=dU+P dV 


From the Equation of State of a Perfect Gas, 
for one mole of the gas P= RT/V 


dye, =dU+ ee ae 


Also for one mole of gas, the internal energy 
U is given by the product of the heat capacity at 
constant volume Cy and the temperature 7, 


RT dv 


dey =C, dT + 
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Dividing both sides by the temperature T 


dG 70k dy 
T T V 


This equation can now be integrated to give 
AS =(C, In7,+R InvV,)—-(C, In7,+R InV,) 


because the integral of dx/x = In x (the natural 
logarithm of x). 


Since In x — In y = In x/y 


AS =C;, In ae + Rin as 
L V, 


This equation defines the entropy change in 
terms that are either constants (Cy; and R) or 
state functions (V and 7). This shows that en- 
tropy is a state function for a perfect gas. 


Entropy and the Direction of 
Change in Isolated Systems 


Expansion of a Gas at Constant Temperature 


The equation for the entropy change that re- 
sults from the absorption of heat by a perfect 
gas allows one to calculate the entropy change 
associated with the expansion of a certain quan- 
tity of gas in an isolated system at constant 
temperature. As previously, 


AS = C, In 4 + Rin un 
[, V 


but in this case T, = T; so T,/T, = 1. From the 


definition of the natural logarithm, In 1 = 0 and 
Ne 


AS = Rin es 
V, 


From this equation, if V> is greater than V;, 
V,/V, will be greater than 1 and In(V,/V,) (and 


consequently AS) will be positive. If V; = V2, 
then V,/V, = 1 and In(V,/V, ) (and conse- 


quently AS) will be zero. If V2 is less than V;, 
then V,/V, will be less than 1 and In(V,/V,) 


(and consequently AS) will be negative. 


In the real world, a gas in an isolated system 
at constant temperature always expands to fill 
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the maximum volume available. This corre- 
sponds to an increase in entropy. The process 
whereby a gas at constant temperature sponta- 
neously collects in a small volume of such a 
system leaving the rest of the system empty has 
never been reported. Such a process would cor- 
respond to a decrease in the entropy of an iso- 
lated system. 


Transfer of Heat between Two Objects at 
Different Temperatures 


Suppose that an isolated system contains 
two separate objects, one of which is at a tem- 
perature 7, and the other is at some different 
temperature 7,. Now suppose that, by some 
unspecified process, a very small quantity of 
heat dq is transferred from the object of tem- 
perature 7; to the object of temperature 7>. The 
change in entropy of the first object is —dq/T, 


(negative, because heat is lost from the object) 
while the change in entropy of the second ob- 
ject is dgq/T, (positive, because heat is ab- 


sorbed by the object). The change in entropy for 
the whole system is the sum of the individual 
changes, that is, 


If T> is smaller than 7), then 1/T, will be greater 
than 1/T; and the entropy change will be posi- 
tive. If 7, equals 7), the entropy change will be 
zero. If T> is greater than 7), the entropy change 
for the process will be negative. 


Comparing these results to what happens in 
the real world, one sees again that in an isolated 
system the process that results in an increase in 
entropy happens spontaneously. Put an object 
in contact with one at a lower temperature, and 
energy will be transferred as heat from the ob- 
ject at the higher temperature to that at the 
lower temperature. If the temperature of the two 
objects is the same, then they are by definition 
in thermal equilibrium. If a minute quantity of 
heat is transferred reversibly from one object to 
the other, the entropy change is zero. The proc- 
ess for which the entropy change is negative, 
namely the transfer of heat from an object at a 
lower temperature to one at a higher tempera- 
ture, never happens spontaneously in an iso- 
lated system. If such a process is to occur, ex- 
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ternal work must be done to transfer the heat. 
This is what happens in a refrigerator, where 
the net effect of the work being done by the 
electric motor is to cool the inside of the refrig- 
erator and make the air outside warmer. 


The Second Law Restated 


The statement that “in isolated systems, 
processes for which the entropy change is nega- 
tive are not spontaneous” is yet another form of 
the Second Law of Thermodynamics. Perhaps 
the most general statement of the Second Law 
is that “the entropy of the Universe increases”. 
In this instance, where the word “Universe” has 
a capital letter, the meaning is the conventional 
one: everything there is. This is very different 
from the thermodynamic meaning of the word 
“universe” (no capital). As indicated earlier, a 
thermodynamic “universe” is simply the system 
of interest plus its surroundings, assumed to be 
totally isolated from external influences. 


The statement of the Second Law with ref- 
erence to the Universe indicates that there is an 
inevitable progression in time towards a state of 
higher entropy for the Universe as a whole. 
When one sees a movie being played back- 
wards, one sees a world in which the entropy of 
the Universe is decreasing with time. Some 
processes, such as the swinging of a pendulum, 
do not look any different. Other processes, such 
as the dropping of a glass of water onto the 
floor, look remarkably different. Randomly 
scattered globs of water and shards of glass mi- 
raculously re-assemble themselves into a glass 
of water. Why, one might ask, is that such an 
amazing process? Why has such an event never 
been reported in the entire history of the human 
race? After all, on the molecular level all that 
has to happen is for the molecular motions that 
took place when the glass was shattered and the 
water scattered to be precisely reversed. Having 
stated that, it is immediately obvious why such 
a process would be amazing. It is not that it is 
impossible. It is just wildly improbable. Of all 
the ways that the molecules making up a 
smashed glass of water have of arranging them- 
selves, very, very few correspond to the multi- 
tude of successive re-arrangements that would 
be required to re-assemble the original glass of 
water. 
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The Driving Force of Change 


The Second Law of Thermodynamics states 
that for a spontaneous process, the entropy of 
the system and its surroundings must increase. 
In other words, AS for the system and its sur- 
roundings must be positive. 


Suppose a process takes place in a system 
for which the entropy change in the system is 
AS system and the enthalpy change in the system is 
AFby stem. The heat evolved or absorbed by the 
system in the enthalpy change AA ysien obvi- 
ously goes into, or comes from, the surround- 
ings. This heat will be absorbed (or lost) by the 
surroundings at a temperature T and the entropy 
of the surroundings will change by an amount 
(—AH s)stem/T). The negative sign is there be- 
cause heat emitted by the system is absorbed by 
the surroundings. 


The total entropy change for the system plus 
the surroundings is therefore 


A KY = A S = AE ie 
system + surroundings system T 
This equation is very important because it 
provides a way of finding the total entropy 
change for the system and surroundings using 
only the calculated changes in the entropy and 
enthalpy of the system. 


For a process to be spontaneous, the total 
entropy change must be positive. Now, AS, stem 
and AH, s1em Can be either positive or negative, 
but the temperature 7 is always positive. Multi- 
plying the equation by 7, 


Tl AS system + surroundings — T. AS system _ system 


Again, a process will be spontaneous if this 
quantity is positive or, equivalently, if the quan- 
tity AH — TAS is negative. 


Another State Function: the Gibbs Free 
Energy 


The quantity AH — TAS has the units of en- 
ergy. Recall that AH represents the energy 
change after allowance has been made for the 
work (PAV) done in volume changes at constant 
pressure. The quantity TAS can be thought of as 
the energy that has been dispersed as random 
molecular motion and is unavailable to do use- 
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ful work. The remaining energy, AH — TAS, is 
referred to as the free energy, because it is 
available to perform useful work. An example 
of the conversion of free energy into useful 
work is provided by electrochemical cells. This 
interesting and important area of thermodynam- 
ics is not, however, of direct relevance to pyro- 
technics and will not be discussed here. 


The free energy is of such great importance 
that it is convenient to define a new quantity 
G = H — TS for which, at constant temperature, 
(from the definition of A) 


AG = AH — TAS 


Notice that this quantity G, being made up of 
the state functions H, T and S, is itself a state 
function. That is to say, changes in its value 
depend only on the state of the system before 
and after a process, and are independent of any 
intermediate states that the system might have 
assumed during the process. This new state 
function is called the Gibbs free energy (after J. 
Willard Gibbs).!”°! 


This, at last, is the state function that can be 
used to predict the direction of change in a 
chemical system. 


At equilibrium, the Gibbs free energy of the 
reactants will equal the Gibbs free energy of the 
products. If the Gibbs free energy change (AG) 
for a process is negative, the entropy change for 
the universe will be positive, and the process 
will be thermodynamically spontaneous. 


The sign of AG indicates only whether or 
not the process will be spontaneous. It does not 
indicate whether the transfer of energy during 
the process will be from the system to the sur- 
roundings, or in the opposite direction. That 
information is given by the sign of the enthalpy 
change. A process with a negative AG may re- 
sult in the spontaneous transfer of energy from 
the system to the surroundings (i.e., AH is nega- 
tive). Examples of such a process include the 
freezing of water in the freezer compartment of 
a refrigerator, and the combustion of magne- 
sium in a burning pyrotechnic composition. On 
the other hand, another process, also having a 
negative AG, might result in the spontaneous 
transfer of energy from the surroundings to the 
system (i.e., AHis positive). Examples of such a 
process include the melting of a lump of ice ina 
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glass of water, and the decomposition of a par- 
ticle of strontium carbonate in a burning red 
star. 


The Third Law 


The entropy of a system, as noted previ- 
ously, is a measure of the number of molecular 
arrangements that are consistent with the prop- 
erties of the system. 


Recall that the relationship between the en- 
tropy S of a system and the number W of mo- 
lecular arrangements consistent with the proper- 
ties of the system was shown by Boltzmann“! to 
be 


S=kinw 


This relationship means that the entropy of a 
system that is consistent with only one ar- 
rangement of its molecules will be zero, be- 
cause for such a system W = 1 and the natural 
logarithm of 1 is zero. In other words, Boltz- 
mann’s equation implies that the entropy of a 
perfectly ordered system is zero. 


If this is correct, then the entropy of a per- 
fect crystalline solid should approach zero as 
the temperature approaches absolute zero. This 
trend has been demonstrated experimentally by 
measurements of heat capacities at very low 
temperatures.!”! The statement that “the entropy 
of a perfect crystalline solid is zero at the abso- 
lute zero of temperature” is one form of the 
Third Law of Thermodynamics. The importance 
of this law is that it allows an absolute value to 
be assigned to the molar entropy of a substance. 
The molar entropy is calculated from heat ca- 
pacity measurements, starting from zero at 0 K. 
For example, the molar entropy of a gas at 
room temperature would include contributions 
from the heat capacity of one mole of the solid 
from 0 K to the melting point, including any 
heat absorbed in any changes between different 
crystalline states. It would also include the la- 
tent heat of fusion of the solid, the heat capacity 
of the liquid from the melting point to the boil- 
ing point, the latent heat of vaporization and the 
heat capacity of the gas from the boiling point 
to room temperature. At each stage the entropy 
would by calculated from dS = dq/T and the 
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total molar entropy would be obtained by sum- 
ming all these increments dS. 


The Standard Free 
Energy of Formation 


All pure substances have a Standard Free 
Energy of Formation, AG; . This is the free 


energy change when one mole of the compound 
is formed from its elements in their standard 
states at a pressure of | bar and a specified 
temperature, normally 298.15 K. The free en- 
ergy of formation of the chemical elements at 
standard conditions is by definition zero; values 
for the free energies of formation of many 
compounds are available in tables of thermody- 
namic data. Standard Free Energy changes can 
be added and subtracted just like enthalpy 
changes. 


For a chemical reaction 
wA+xBr yC+zD 


the Standard Free Energy change AG® associ- 
ated with the reaction is given by 


AG? =[y AGic+2 Gy |-|w Gi, +x Gre 


where G; , 18 the Standard Free Energy of For- 


mation of the species A, etc. 


Like the enthalpy and the entropy, the Gibbs 
free energy is an extensive function; that is, it 
varies depending on the amount of substance in 
a system. The Gibbs free energy of formation of 
one mole of a substance is called the molar free 
energy of that substance. If a number of differ- 
ent substances are introduced into a system, 
with no chemical reactions, the total free energy 
change can be calculated by multiplying the 
number of moles of each substance by its molar 
free energy and adding up the results. To reach 
chemical and thermodynamic equilibrium, sub- 
stances undergo chemical reactions until the 
free energy is at a minimum. The reason for this 
is that minimizing the free energy in a system is 
the same as maximizing the entropy of the sys- 
tem and its surroundings. 
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Variation of the Gibbs Free Energy 
with Pressure, Temperature 
and Volume 


Tabulated values of the molar free energy of 
various substances at specified conditions of 
temperature and pressure can be used to calcu- 
late the free energy changes involved in chemi- 
cal reactions. To do this, it is necessary to know 
how free energy varies with temperature, pres- 
sure and volume. 


By definition 
G=H-TS 
and 
H=U+PV 
Therefore 
G=U+PV-TS 


where U is the internal energy and V is the vol- 
ume. 


For the purposes of this discussion it can be 
assumed that the only work done by, or on, the 
system is the work involved in changing the 
volume of the system in response to pressure, or 
vice versa. That is, the only work to be taken into 
account is “pressure-volume” or “expansion” 
work. Electrochemical effects, for instance, are 
not considered. For very small (1.e., differential) 
changes in internal energy, pressure, volume, 
temperature and entropy, the corresponding 
change in Gibbs free energy is 


dG =dU+ PaV +VdP — TdS — SdT 


But for a closed system, doing only “expansion” 
work, 


dU = TdS — PdV 
and these terms drop out of the equation, so 
dG = VdP — SdT 


At constant temperature, dT = 0, and conse- 
quently dG = VdP. At constant pressure, dP = 
0, so dG = — SdT. 
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Variation of Gibbs Free Energy with 
Pressure, at Constant Temperature 


At constant temperature 
dG = VdP 


and by integration 
2 

AG =G,-G,=|VaP 
1 


For a perfect gas, 


_ nRT 
P 


and for n moles at a constant temperature nRT 
is constant. For a pressure change from P; to P2, 


2; 
AG =G,-G, = | 
Hp 


2 
= art |S = nRT In| 2 
.P P 


1 


Vy 


This gives the change in Gibbs free energy with 
pressure at constant temperature for a perfect gas. 


For one mole of gas at standard pressure, 
G, = G°, so the molar free energy G at some 
other pressure P is given by 


G=G"+RTIn| =| 


Pp? 
where G° is the free energy of one mole of the 
gas at standard pressure (P°). 
What about a liquid or solid? As previously, 
dG = VdP 


and by integration 
2 

AG=G, -G,=|VaP 
1 


In the pressure ranges of interest to pyrotech- 
nics, the volume of a liquid or solid changes 
very little with pressure. The volume can usu- 
ally be treated as constant, and in this case 


AG = VAP 


This equation applies only for pressure ranges 
over which the substance can be considered in- 
compressible. 
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The change in free energy with pressure for 
one mole of a solid or liquid is very much 
smaller than that for one mole of a gas, and it 
can usually be ignored. For example, suppose 
the pressure of one mole of a substance is in- 
creased from | to 10 bars, at room temperature 
(298 K). If the substance is a gas, the free en- 
ergy change is given by 


AG =nRT In (2 
B 


1 


=1 a see ary KxIn (2) 
K- mol 1 

=8.3145x298x1In10 J 

= 5705.2 J 


=5.71 kJ (3 significant figures) 


On the other hand, taking water as an example 
of a liquid, the volume of one mole of water (18 
grams) is around 18 cubic centimetres or 
1.8 x 10° cubic metres. For a change in pres- 
sure from | to 10 bars, the free energy change is 


AG = VAP 


5 
= 1.8%10m? x9 atmx1.013x—2N 
m -atm 
= 16.4Nm 
2164] 


= 0.016 kJ (2 significant figures) 


This is a bit less than 0.3% of the free energy 
change that the same pressure change would 
bring about in the same quantity of gas. 


Variation of Gibbs Free Energy with 
Temperature, at Constant Pressure 
At constant pressure 
dG =— SdT 
and so 
dG 
ap = 
This is only true for constant pressure; to em- 


phasize this, it is customary to write it in the 
form 
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(2) LG 
ar J, 


where the symbol 0 indicates “partial differen- 
tiation” and that the variable indicated by the 
subscript P (i.e., the pressure) must be held 
constant. 


This simple equation is one version of the 
Gibbs-Helmholtz equation. There is another ver- 
sion that can be derived with the help of the 
differential calculus. 


By definition, 


G=H-TS= H+ (2) 
OT }P 


(=) T-G=-H 
ar Jr 


Divide this equation by 7° 


Gr) 
Ci Pe Came es 


T Tf? T? 


It can be shown that 


(5)| (ee), G 


OT Jp va ie 


The right hand side of this equation is the same 
as the left-hand side of the previous equation, 
therefore 


Ar) 
Bee ames 3 
Of ae. 7 


This is the other form of the Gibbs-Helmholtz 
equation. Notice that it shows how G/T (rather 
than G) varies with temperature at constant pres- 
sure. Another variation of this equation is 


o( 
ig _ AH 
OF. he 
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Variation of Gibbs Free Energy with 
Chemical Composition, at Constant 
Temperature and Pressure 


The free energy of a reacting mixture will 
change with pressure and temperature, and it 
will also change as the amount of each sub- 
stance in the mixture changes. For a very small 
change in the number of moles of a substance in 
a mixture at constant temperature and pressure 
there will be a corresponding free energy change. 
The ratio of these changes, given by the partial 
derivative, 


(2) 2 
On, P.T,n, : 


J#i 


is called the chemical potential of the substance 
i. The chemical potential is usually given the 
symbol p (mu, the Greek equivalent of the let- 
ter ‘m’). The chemical potential of a pure sub- 
stance is numerically equal to the molar free 
energy of that substance. The chemical poten- 
tial of a substance has units of joules per mole. 
It is an intensive quantity — that is, it does not 
depend on the amount of substance. 


In reaching equilibrium, systems move from 
conditions of high chemical potential to the 
lowest possible chemical potential. This is a bit 
like the tendency of objects in a gravitational 
field to move from a position of high potential 
energy to one of low potential energy, or of 
electric currents to flow from a high electrical 
potential to a low one. The reason for the 
movement from a state of high chemical poten- 
tial to one of low chemical potential is simply 
that such a movement corresponds to an in- 
crease in the total entropy of the system and its 
surroundings. In other words, it is nothing more 
(or less) than the natural tendency of molecules 
to get into a mess. 


If moles of a substance of chemical poten- 
tial pp are added to a system, the change in 
Gibbs free energy is given by 

AG =nwu 


More generally, if substances a, b, c,... are 
added to a system, the change in Gibbs free en- 
ergy is given by 
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AG =n, +1, +A. + 
= 2NM, 


where n; is the number of moles of substance i, 
and 1; is the chemical potential of substance i. 


Free Energy Changes and Chemical 
Reactions: Effect of Temperature 


Recall that a process will be spontaneous 
(will continue to equilibrium once it has been 
started) if its Gibbs free energy change is nega- 
tive. The equation for the Gibbs free energy 
change 


AG = AH — TAS 


leads to some useful generalizations about 
chemical reactions. For example, if the entropy 
change is positive, there will always be a tem- 
perature at which TAS becomes greater than AH. 
Processes for which the entropy change is posi- 
tive are those in which the molecular disorder 
increases. These include the melting of solids, 
the evaporation of liquids, and the decomposi- 
tion of complex molecules into simpler ones 
and ultimately into atoms. The equation for the 
Gibbs free energy change indicates that as a 
solid is heated it will eventually melt, if it does 
not decompose first, and that a liquid will evapo- 
rate. Moreover, at a sufficiently high tempera- 
ture every substance will be decomposed into 
its constituent atoms. 


Free Energy Changes and Phase 
Changes: Freezing and 
Melting of Solids 


If the enthalpy change (AH) is large and 
negative, the Gibbs free energy change is likely 
to be negative. Consequently, exothermic proc- 
esses are often spontaneous. The exceptions are 
those for which the change in the entropy is 
negative. The freezing of a liquid is always exo- 
thermic, but also involves a decrease in entropy. 
The freezing of a liquid becomes spontaneous 
only when the temperature is low enough for 
TAS to be less than AH. 


When AH = TAS, and there is no driving 
force for the change in either direction, the solid 
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and the liquid are in equilibrium. At constant 
pressure, this occurs at just one temperature. 
This temperature is the freezing point (or melt- 
ing point) of the substance. The Gibbs free en- 
ergy change accounts for the fact that pure sub- 
stances at constant pressure have fixed melting 
points. 


Free Energy Changes and Phase 
Changes: Evaporation of Liquids 


At the melting point, the solid and liquid are 
in equilibrium. The free energy change is zero. 
In other words, at the melting point the free en- 
ergy of the liquid is exactly equal to the free 
energy of the solid. As long as both liquid and 
solid are present, the temperature remains pre- 
cisely at the melting point, no matter how much 
heat is supplied to the system. At any given pres- 
sure there is one, and only one, temperature at 
which the two phases can exist in equilibrium. 


Contrast this situation with that of a liquid 
and its vapor. As shown previously, at constant 
temperature, the free energy of a gas varies with 
pressure: 


G -orvrrin( =| 
P° 

At any temperature, a certain pressure of gas will 
have a free energy equal to that of the liquid at 
that temperature, so the gas and liquid will be in 
equilibrium. The corresponding gas pressure is 
called the vapor pressure of the substance at 
that temperature. When the vapor pressure be- 
comes equal to the atmospheric pressure, the 
liquid and vapor are in equilibrium at atmos- 
pheric pressure. The corresponding temperature 
is the boiling point of the substance. The Gibbs 
free energy change predicts that a pure substance 
will have a fixed vapor pressure at any given 
temperature and a fixed boiling point at any 
given pressure, in accordance with experiment. 
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Free Energy and Chemical 
Reactions in Gases 


If two gases undergo a chemical reaction to 
form two new gases, the reactants and products 
will be in equilibrium when the free energy of 
the products equals the free energy of the reac- 
tants. For each gas involved in the reaction, the 
free energy is given by 


G, =n, GC + RT In (2) 
P° 


where n; is the number of moles of that gas, P; 
is the partial pressure of gas; and P° is the pres- 
sure to which the Standard Free Energy G;° cor- 
responds. The term “partial pressure” simply 
means the pressure that each gas contributes to 
the total pressure. 


For a constant pressure system, as in the 
present discussion, the partial pressure P; of 
each gas is given by the total pressure multi- 
plied by the mole fraction of the gas X;. 


P; =PX; 


The mole fraction X; = n;/n is the ratio of the 
number of moles n; of the gas i divided by the 
total number of moles of gas in the system. 


Suppose the reaction is a moles of gas A re- 
acting with b moles of gas B to form c moles of 
gas C and d moles of gas D: 


aA+bBa>cC+dD 


The free energy of the reactants will be 


(a, +rin( 2} 
ips 
i(6; eri 2) 
spe. 


and the free energy of the products will be 


{a vain 22) 
P° 
al; eri 2) 
P° 


where Py, Ps, Pc and Pp are the partial pres- 
sures of gases A, B, C and D. 
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The free energy change of the reaction will 
be the free energy of the products minus the 
free energy of the reactants. 


AG -<(@ varn( Z) + 
P° 
alo; + ern( 2) S 
P 
(a, + arn( 2) — 
P° 
i; + Rrin{ 2) 
P° 


= Ga ag 4G" -bG,)+ 

eral 2) + arrin( 2 - 
P° P° 

onrin( 2)-oRT In fy 
P° P° 


cG. + dG, —aG, -bG, 
= Gar ‘ aG,)-(aG, +bG; | 
= AG? 


Therefore 


NG aor +errin{ 7 + arrin( 2) 7 
P° Pp 


aRT In (2) —bRTI|n (=) 
P° P° 


Now, because x In_.Y= In_X* 


c d 
ag= ao" rrin( Z) +RTin{ 2) - 
P° 1 cae 


a b 
rrin( Zt) -RT'In{ 2) 
P° P° 


and, because In X + In Y= In XY 


G d 
ag= aor erin( Z) (2) - 
P° Y aa 


a b 
rrin( Zt) (2) 
P° Pe 


Finally, because —In X = In(1/X): 
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(#)(2) 

AG = AG°+ RT In Re 
Py) ( fa 
P° Pe 


This equation shows how the free energy change 
relates to the pressures of gaseous reactants and 
products at constant temperature. It is called the 
van’t Hoff isotherm. 


At equilibrium, the free energy of the reac- 
tants equals the free energy of the products, so 
AG = 0 and 


(E(B) 
0=AG=AG°+RT In NE ENE 


PV (BY 
P° P° 
or 


Biel 
AG? =—-RT In Ne Cae 
Pa\ (fa 
pe P° 
where Py, Ps, Pc and Pp are the pressures of 


gases A, B, C and D at equilibrium. 


The right hand side of this equation can be 
written as —RT In K, where 


FY (PY 
_| Lee) pe 
PV (Pa) 
P° P° 
K is called the equilibrium constant for the re- 


action, and therefore 
AG° =-RT In K 


Relative Activities 


As shown previously, at constant tempera- 
ture the free energy of a gas varies with pres- 
sure according to: 


G=G"+ RTIn( =| 


pe 
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where P is the partial pressure of the gas and G° 
is the free energy of one mole of the gas at 
pressure P°. This can be expressed in chemical 
potentials: 


P 
= U°+ RT In| — 
p= pevrrin( =| 


where pL° = G° 


This applies only to perfect gases. For other 
substances, it is useful to define a property called 
the relative activity such that the chemical po- 
tential is given by 


w= po + RT In(a,) 


where a, is the relative activity of the substance 
A. The equation requires the logarithm of the 
relative activity, a,, which means that a, must 
be a pure number—it cannot be some quantity 
requiring units. It has to be a ratio of some 
property of A, at the conditions of interest, to 
the value of that property in the standard state 
corresponding to n°. The relative activity of a 
perfect gas is obviously P/P°. For a real gas 
(that is, a gas that does not conform exactly to 
the ideal relationship PV = nRT) the relative 
activity can be defined by assigning an “effec- 
tive pressure” f to the gas such that 


3 
=u°+ RT In| — 
H=y (4 


This “effective pressure” f varies with tem- 
perature and has to be determined for each gas. 
It is called the fugacity of the gas. What is the 
relative activity for a pure solid or liquid? 


As discussed previously, the free energy per 
mole of a pure solid or liquid changes very little 
with pressure, and it is usually sufficiently ac- 
curate to treat the chemical potential of a pure 
solid or liquid as constant. That simplifies mat- 
ters greatly, because if the chemical potential is 
constant, then for one mole of a pure solid or 
liquid 

u =u? + RT In(a) = p° 


from which RT In(a) = 0 and so a = 1. The rela- 
tive activity of pure solids and liquids is 1. 


For perfect (or ideal) solutions, the chemical 
potential of a component i is given by 
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=p o+RT IX, 


where X; is the mole fraction of 7 and p1;° is the 
chemical potential of pure 7 in the same physi- 
cal state as the solution. 


Relative Activities and 
Equilibrium Constants 


The definition of relative activity was cho- 
sen so that for any reaction 


aA+bB+cC+t...-> 
wW+xX+yYr... 


there is an equilibrium constant K of the form 


(ay) (ay). (ae) oe 
(a,)' (a5) (ae) 


where aw is the relative activity of W, etc. 


The equilibrium constant is related to the 
Standard Free Energy change for the reaction by 


AG° =—RTInK 


This equation can be rearranged to give 


ace 
K=e ?? 


Equilibrium Constant, Free Energy 
and the Stability of Compounds 
_AG® 
The relationship K =e *” can be used to 


explain the stability of compounds by reference 
to their free energy of formation. 


For the general reaction for the formation of 
a compound from its elements, 


aA+bBa-> A,B, 
the equilibrium constant is given by 
_ 145] 
~ a b 
[4 [3] 
If the Standard Free Energy of Formation 
AG® is large and negative, then -AG°/RT will 
be large and positive, so K will be large and the 


equilibrium concentration of the product will be 
large. As the temperature T increases, the value 
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of —AG°/RT will become smaller, K will de- 
crease and the equilibrium concentration of the 
product will decrease. In general, the equilib- 
rium will shift more and more towards the reac- 
tants as the temperature increases. Substances 
for which the Standard Free Energy of Forma- 
tion is larger and more negative will withstand 
a higher temperature before the equilibrium lies 
in favor of the products. The Standard Free 
Energy of Formation is a quantitative indicator 
of the thermal stability of a substance. 


Notice that if the reactants and products of a 
reaction are all solids, then the relative activity 
of each is 1, and the equilibrium constant is also 
1. This means that AG° = —RT In 1 = 0. The 
solid reactants and products can be in equilib- 
rium at one, and only one, temperature: that at 
which AG® = 0 (i.e., T= AAP/AS?). At all other 
temperatures, the system consists either entirely 
of reactants or entirely of products. This might 
seem odd, but it is no different from the famil- 
iar example of a pure solid being in equilibrium 
with its liquid at one and only one temperature. 


Variation of Equilibrium 
Constants with Temperature 


Recall 
AG° =—RT InK 
ea 
Ink =—- . 
R 


The partial derivative of this equation with re- 
spect to temperature, assuming constant pres- 


sure, iS 
T 


(atx) marae 


Then, by the Gibbs-Helmholtz equation: 


(=) 


aa) = OE eS 
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It is not necessary to restrict this relationship to 
constant pressure, because neither AG° nor AH° 
vary with pressure. By definition they are the 
values of AG or AH at some standard pressure, 
usually one bar. Therefore, 


d(InK) _ AH? 
dr RT 


This gives the relationship between the equilib- 
rium constant and the temperature. 


The equation can be rearranged to 


T? 
Now, d z --a{ 7) , SO 
T 
a(nx) =-“ (=) 
R T 


This can now be integrated, assuming AH® is 
constant with temperature, to give 


A(InK)= Aa) 


If the equilibrium constant is known at one 
temperature, this equation provides a way to 
calculate the equilibrium constant at any other 
temperature, provided that the relationship be- 
tween AH® and temperature is known, and that 
the pressure is constant. The effect of tempera- 
ture on AH® can be calculated from the heat 
capacities of the reactants and products over the 
temperature range of interest. If the equilibrium 
constant at one temperature 7, is K,, what can 
be said about the equilibrium constant (K) at a 
higher temperature 7>? 


Rearrange the previous equation to obtain 


Ink, -InK, = ae [z-2) 


R 


Since 75is greater than 7\, (1/7) — 1/T;) will be 
negative. If AH® is also negative (that is, if the 
reaction is exothermic), In K> — In K; must be 
negative and K, must be greater than K>. Recall 
that a larger equilibrium constant corresponds 
to more products. Since the equilibrium con- 
stant is larger at the lower temperature, the 
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equilibrium at the lower temperature favors the 
products. For an exothermic reaction, an in- 
crease in temperature results in the equilibrium 
shifting in favor of the reactants. 


The same line of reasoning can also show 
that for an endothermic reaction an increase in 
temperature will result in the equilibrium shift- 
ing in favor of the products. This is the thermo- 
dynamic explanation of Le Chdatelier’s Princi- 
ple, as applied to the effect of temperature on 
chemical equilibrium. Le Chatelier’s Principle 
can be stated in various ways, for example: if a 
system at equilibrium is subjected to a stress, it 
will respond in such a manner that tends to re- 
lieve the stress. This is a useful guide to the 
behavior of chemical systems and is often all 
that is needed for a qualitative explanation. 


Variation of Equilibrium 
Constants with Pressure 


The discussion of equilibrium constants so far 
has referred to conditions of constant pressure. 
The next step is to show how the composition 
of the equilibrium mixture can change with 
pressure. Recall that the composition can be 
expressed in mole fractions given by 


where P is the total pressure and P;is the partial 
pressure of the particular gas. 


For the reaction of a moles of gas A reacting 
with 5 moles of gas B to form c moles of gas C 
and d moles of gas D 


aA+bB—>cC+dD 
Ble 
RP. 
fi.) { Fo 
Pe P° 
Now, 


P=X,P 


If the pressure P is expressed in bars, and P° = 
1 then 
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(P°P*) 7 pera) 
(P?P”) = Po) 


But — plera)-(a+b) 
and (c + d)—(a+b)=An 
where An is the change in the number of moles. 
So 
_(wexi)p* 
(X2%5) 
(XéX5) _ 


(Xi%5) 


—An 


If An is positive, that is, if there are more 
moles of products than of reactants, the right- 
hand side of the equation becomes smaller as 
the pressure P increases. This means that the 
equilibrium must shift in favor of the reactants. 
Similarly, if An is negative, the equilibrium will 
shift in favor of the products as the pressure P 
increases. This is the thermodynamic explana- 
tion for Le Chatelier’s Principle, as it applies to 
the effect of pressure on the equilibrium com- 
position of a reacting mixture. 


Application to Pyrotechnics 


Two useful pieces of information about re- 
acting pyrotechnic mixtures are the maximum 
temperature reached and the chemical species 
present at that temperature. In principle, both 
can be calculated from thermodynamics. 


The process for calculating the temperature 
is conceptually very simple: 


1) Calculate the enthalpy change AH? for the 
reaction at standard temperature and pressure. 
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2) Assume that all the released heat is available 
to raise the temperature of the products. 


3) Calculate the final temperature from the re- 
lationship: 
fe} 
APS TAH" 
xn,C - 
where AT is the temperature rise in kelvin, AH® 
is the enthalpy change in joules, n;is the num- 
ber of moles of product i, C,;is the molar heat 
capacity (at constant pressure) of product i and 
the symbol © means “the sum of”. Dolata'*! has 
shown that this method can be used to predict 
the temperatures of the flames of burning pyro- 
technic mixtures that burn at relatively low 
temperatures. 


It has been known for a long time that such 
calculations work quite well for the flame tem- 
peratures of certain gas mixtures that burn at 
moderate temperatures. Examples of such mix- 
tures include coal gas and air or hydrogen and 
air with either gas in excess.'™” In these calcula- 
tions the “products” are the real end products of 
the reaction: carbon dioxide, water, nitrogen 
and argon in the case of an air and coal gas 
flame. There is no need to consider any inter- 
mediate products that might be formed along 
the way. For gas flames that burn at higher 
temperatures, however, these calculations yield 
flame temperatures that are much higher than 
the real flame temperatures. 


This discrepancy can be understood if it is 
imagined that the energy released by the forma- 
tion of the reaction’s final products heats those 
products to such a high temperature that they 
start to break down again. This decomposition 
absorbs energy that would otherwise raise the 
temperature of the flame. 


To calculate the temperature of high-temper- 
ature flames one must consider not only the 
ultimate products (those that are stable at room 
temperature) but also those intermediate prod- 
ucts that are stable at high temperatures. For 
example, ethylene (C,H,) burns in oxygen to 
form carbon dioxide and water. At the tempera- 
ture of an ethylene-oxygen flame, however, the 
following species are in equilibrium: H,O, Oz, 
O, H, H, OH, CO, and CO. The enthalpies of 
formation of these are known, but the amount 
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of each substance present is not. Nevertheless, 
the amount of each element is obviously con- 
stant, and the equilibrium constants of the vari- 
ous dissociation reactions can be calculated for 
any temperature. Consequently, the problem 
can be solved by trial and error. One makes a 
reasonable guess at the temperature and of the 
partial pressures of two of the substances. With 
the aid of the equilibrium constants, one can 
then calculate the partial pressures of all the 
other products. The sum of these partial pres- 
sures should be 1; if it is not, the calculation is 
repeated. After a few trials, the values for the 
next trial are chosen by carefully examining the 
results of the first few and choosing values that 
are likely to lead in the right direction. With 
care, the method can yield a result after five or 
six iterations. The method, which is explained 
in detail by Gaydon and Wolfhard,!*! can yield 
remarkably accurate results. For example, 
Snelleman''*! measured the temperature of a 
carefully controlled, pre-mixed air-acetylene 
flame to be 2554 + 3 K. The calculated tempera- 
ture was 2600 + 3 K. Energy losses from the 
flame were measured, and when these were taken 
into account, the calculated flame temperature 
was 2559 + 4 K, in agreement with the meas- 
ured value. 


The calculation of flame temperatures of a 
burning pyrotechnic mixture is much more com- 
plicated. For a start, the reaction might never 
reach thermodynamic equilibrium. Certain reac- 
tions might take place at relatively low tem- 
peratures, and volatile products of those reac- 
tions might be lost before the system can come 
to equilibrium. Even if equilibrium is reached, 
unless the mixture is an unusually simple one, 
the exact composition of the products might not 
be known. Then, the enthalpies of formation of 
many common ingredients are not known, or if 
they are known, they may be difficult to find. 
Examples of such ingredients are the natural 
products that are used as binders and fuels in 
fireworks. A compilation of estimated values for 
these has been published by Meyerriecks.!'' 7?! 


Furthermore, the molar heat capacity of each 
product is not constant but varies with tempera- 
ture. As a result, the products change with tem- 
perature: solids melt, liquids vaporize, and com- 
pounds decompose. The energy consumed in all 
these processes has to be taken into account. If 
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all these problems can be overcome, eventually 
a combination of temperature and chemical 
composition is reached at which the enthalpy of 
the products exactly equals the enthalpy of the 
reactants. If the enthalpy of the products as a 
function of temperature is available, the maxi- 
mum possible temperature reached in a reaction 
can be obtained graphically. One plots the en- 
thalpy of the products versus temperature and 
then finds the temperature at which the graph 
intersects the line representing the enthalpy of 
the reactants. 


For example, consider the formation of 
iron(II) sulfide from powdered iron and sulfur: 


Fe +S —> FeS AH? =-102 kJ 


The reactants are pure elements, so their en- 
thalpies of formation are (by definition) zero. 
Therefore, the enthalpy of the reaction is simply 
the enthalpy of formation of FeS. What is the 
maximum possible temperature that can be 
reached in this reaction? 


Figure 4 is a graph of the molar enthalpy of 
formation of iron(II) sulfide as a function of 
temperature (data from reference 4). The graph 
cuts the zero line at 1463 K. This is the tem- 
perature at which the molar enthalpy of forma- 
tion of iron(II) sulfide equals the room- 
temperature molar enthalpies of formation of 
iron and sulfur, and it is the maximum possible 
temperature that could be achieved in this reac- 
tion. The sharp rise in the curve at 1463 K cor- 
responds to the melting of the solid. The maxi- 
mum temperature reached is the temperature at 
which the solid product melts. This is consistent 
with experimental results. A stoichiometric mix- 
ture of powdered iron and sulfur glows bright 
red when heated to reaction, and the product is 
found to be partially melted. It is quite common 
for the maximum temperature of a pyrotechnic 
reaction to be determined by a phase change in 
the products. For example, the maximum tem- 
perature reached in the combustion of many 
metals in air corresponds to the boiling point of 
the metal oxide.!”! 


The example just given was very simple be- 
cause the possibility of some of the product de- 
composing at the maximum temperature of the 
reaction was ignored. In most cases the decom- 
position of the product must be taken into ac- 
count. As discussed previously, the increase in 
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Figure 4. Molar enthalpy of iron(II) sulfide as 
; [10] 
a function of temperature. 


entropy associated with the formation of gases 
favors the decomposition of compounds at high 
temperatures. The problem is to find the equi- 
librium composition and the temperature, keep- 
ing the elemental composition and total energy 
constant. 


Thermodynamic Modeling 


Numerous computer programs have been de- 
veloped to calculate high-temperature equilib- 
ria.!'*'*l As noted by Belov,'"*! the incentive for 
developing these programs came from the re- 
quirement for better rocket engines. 


The calculation most useful for pyrotechnics 
is the determination of the temperature and 
chemical composition at constant pressure. This 
is done by minimizing the Gibbs free energy, 
with the constraint that the total number of 
moles of each element remains unchanged. The 
details of these calculations are given by 
McBride and Gordon." The calculations are 
least complicated when the equilibrium prod- 
ucts are all gases. If solids or liquids (con- 
densed phases) are predicted, the calculations 
have to be revised to take into account the fact 
that the relative activity of a condensed phase 
of a pure substance is essentially constant and 
equal to 1. The results of thermodynamic mod- 
eling can be rather surprising. For example, a 
simple pyrotechnic mixture of a pure metal fuel 
with potassium perchlorate might be expected 
to produce nothing more than potassium chlo- 
ride and the oxide of the metal. That is certainly 
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what would be produced if the products were at 
room temperature, but at the high temperatures 
of the reaction the chemical composition will be 
very different. Powers and Gonthier''”! analyzed 
the operation of a pyrotechnically actuated pin- 
puller device that used a burning mixture of 
zirconium and potassium perchlorate to move a 
piston. The mixture was fuel-deficient: Zr:K ClO, 
is 1.4:1, compared to the 2:1 molar ratio required 
for the reaction 


2 Zr + KCIO,4 > 2 ZrO, + KCl 


Presumably, this fuel-deficient composition was 
chosen to increase the amount of gas generated 
on combustion. On the basis of the properties of 
the products at room temperature, one would 
expect the reaction products to have been solid 
zirconium dioxide, solid potassium chloride and 
oxygen gas from the excess oxidizer. The cal- 
culations showed, however, that at the high 
temperature of the reaction even the highly re- 
fractory zirconium dioxide was partially vapor- 
ized. All the potassium chloride was vaporized, 
and the following species were calculated also 
to be present as gases: atomic oxygen (O), atomic 
chlorine (Cl), atomic potassium (K), atomic zir- 
conium (Zr), diatomic oxygen (O2), diatomic 
chlorine (Cl,), diatomic potassium (K2), potas- 
sium monoxide (KO), zirconium monoxide 
(ZrO), chlorine monoxide (CIO) and dipotas- 
sium dichloride (K,Cl,). As the hot products 
cooled to room temperature, this diverse collec- 
tion of atoms and molecules would react to 
produce the three products (solid zirconium 
dioxide, solid potassium chloride and diatomic 
oxygen gas) that are thermodynamically stable 
at room temperature. The chemical nature of 
the products at the high temperatures prevailing 
during the very rapid operation of the device 
could not have been determined by conven- 
tional chemical analysis. 


Farren et al.''*! used thermodynamic model- 


ing to simulate the combustion of pyrotechnic 
compositions including those used in US Navy 
colored flares. Their results showed that only 
about 18% of the strontium in the flame of the 
red flare was present as strontium monochloride 
(SrC), the species that emits the desired red light. 
Most (~65%) was present as strontium dichlo- 
ride (SrCly), while some (~15%) was there as 
strontium (Sr) vapor. Similarly, in the flame of 
the green flare less than 5% of the barium was 


Chemical Thermodynamics 


Chapter 3 — Page 40 


present as the barium monochloride (BaCl) color 
emitter; most (~93%) was barium dichloride 
(BaCl,), with a little (~1.5%) barium (Ba) vapor 
and the rest as barium monohydroxide (BaOH) 
(~0.7%) and barium dihydroxide (Ba(OH),) 
(~0.5%). The authors concluded that thermody- 
namic modeling “can be recommended as a use- 
ful tool to survey prospective pyrotechnic com- 
positions as to their likely product distributions 
and their likely maximum achievable reaction 
temperature. However, those compositions 
showing potential usefulness should certainly 
be mixed, burned and analyzed in the labora- 
tory before being recommended for use in any 
new or improved pyrotechnic device”."'*! In 
other words, the predictions of modeling must 
be verified by practical experiments. 


Thermodynamic modeling was used by 
Koch!'*! to support his analysis of the reasons 
why lithium compounds have so far been inef- 
fective as color-producing agents in pyrotech- 
nics. His calculations showed that very little 
atomic lithium was expected to be present in 
the flame of a published composition that gave 
a pink flame instead of the anticipated scarlet 
red. Furthermore, Koch showed—by thermo- 
dynamic modeling—that appropriately formu- 
lated compositions should be capable of gener- 
ating much higher concentrations of atomic 
lithium and ought to be effective emitters of red 
light. Recognizing that thermodynamic model- 
ing always requires practical validation, Koch 
wrote, “it is hoped that an experimental proof 
will be found soon”.!"*! 


Successful efforts to produce the beautiful 
deep violet-blue atomic emission of indium in 
pyrotechnic flames have not yet been reported, 
although, like lithium, indium imparts an in- 
tense color to laboratory flames. Perhaps ther- 
modynamic modeling can point the way to 
achieving a deep blue flame with indium. The 
cost of indium compounds would inhibit practi- 
cal applications, but it would be an interesting 
exercise all the same. 


The basic requirements of an effective col- 
ored light composition are straightforward: a 
high concentration of the color-emitting species, 
minimum concentration of other light-emitting 
species and maximum temperature. Since these 
requirements can be in conflict, to achieve op- 
timum results by formulating, manufacturing 
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and testing can be time-consuming and expen- 
sive. In general, the requirements of a pyro- 
technic composition can be stated by specifying: 


1) the chemical composition of the products (ei- 
ther at room temperature or at the temperature 
of the reaction) and 


2) the maximum temperature of the reaction. 


Thermodynamic modeling provides the possi- 
bility of developing close-to-optimum composi- 
tions on the computer. This should greatly re- 
duce the burden of formulation and testing. 


Summary and Conclusion 


Chemical systems can be described by a few 
properties called state functions. These include 
temperature 7, pressure P, volume J, internal 
energy U, enthalpy H, entropy S and Gibbs free 
energy G. 


A system is at equilibrium when the state 
functions have constant values throughout the 
system. 


The change in any state function depends 
only on the initial and final states of the system, 
not on the intermediate steps. 


Energy can be transferred between a system 
and its surroundings mechanically, as work, and 
thermally, as heat. The change in the enthalpy 
of a system is the heat absorbed or emitted by 
the system at constant pressure. 


Entropy is related to the degree of molecular 
disorder in a system. An increase in disorder 
corresponds to an increase in entropy. 


A system plus its surroundings is called the 
universe. 


¢ The energy of the universe is constant (First 
Law of Thermodynamics). 


¢ The entropy of the universe increases. (Sec- 
ond Law of Thermodynamics). 


Consequently, 


¢ For a spontaneous process, the Gibbs free 
energy change is negative. That is, 


AG = AH — TAS 


is negative for a spontaneous process. 
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Consequently: 


- If AH is negative (heat is released) and AS 
is positive (molecular disorder increases), 
the process will always be spontaneous. 


- If AH is negative (heat is released) and AS 
is negative (molecular disorder decreases) 
the process will be spontaneous at a suffi- 
ciently low temperature. 


- If AH is positive (heat is absorbed) and AS 
is positive (molecular disorder increases), 
the process will be spontaneous at a suffi- 
ciently high temperature. 


« If AH is positive (heat is absorbed) and AS 
is negative (molecular disorder decreases), 
the process will never be spontaneous. 


The entropy change AS is positive for any 
process that results in an increase in the mo- 
lecular disorder. Consequently, if the tempera- 
ture is increased sufficiently 


¢ Solids will melt. 
¢ Liquids will vaporize. 
¢ Compounds will decompose. 


e Gases will ionize. 


For a system in equilibrium, the Gibbs free 
energy change is zero. Consequently, at constant 
pressure 


- Pure substances have fixed freezing (melt- 
ing) points. 


¢ Pure substances have fixed boiling points. 


¢ There is an equilibrium constant K_ for 
chemical reactions, given by 


AG? =—-RT In K 


The variation of the equilibrium constant with 
temperature and pressure can be calculated from 
thermodynamics. This variation accounts for Le 
Chatelier’s Principle (if a system at equilibrium 
is subjected to a stress, it will respond in sucha 
manner that tends to relieve the stress) as it 
applies to the effect of pressure and temperature 
on the equilibrium composition of a reacting 
mixture. 


Thermodynamic modeling allows the maxi- 
mum temperature and chemical composition of 
reacting pyrotechnic mixtures to be estimated 
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from the thermodynamic properties of the reac- 
tants and possible products. 


Table 1 (at the end of this chapter) shows, for 
illustrative purposes only, thermodynamic prop- 
erties of some substances relevant to pyrotech- 
nics. Much more complete data are available in 
Reference 4, for example. 
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Table 1. Formula Weights and Thermodynamic Properties for Some Substances Relevant to 
Pyrotechnics. 


Chemical Chemical Formula Cy? 
Name Formula [a] Weight a4 [b] 


carbonate : : : 
chlorate 


carbonate 
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Table 1. Formula Weights and Thermodynamic Properties for Some Substances Relevant to 


Pyrotechnics (continued). 


perchlorate 
permanganate 


dioxide 


bicarbonate 
carbonate 
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Chemical 
Formula [a] 


SiOz (quartz) 
Na 
NaHCOs3 
Na2CO3 
NaClO3 
NaCl 
NaNO3 
Nae2C204 
Naz2O 
NaClO, 
Sr 


Sr(NO3)2 
SrC204 
SrO 


Formula 
Weight 
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Table 1. Formula Weights and Thermodynamic Properties for Some Substances Relevant to 
Pyrotechnics (continued). 


Chemical Chemical Formula AH? AG 
Name Formula [a] Weight [b] [b] [b] 


[a] Unless otherwise indicated, these are crystalline solids. Gases are indicated as (g) and liquids as (1). 


[b] Values are for 298.15 K, with units of kJ/mol. 


Data are from references 4, 20 and 21. If data were inconsistent in the references, the most recent value is 
quoted. Data were rounded to the number of significant figures presented in the Table. 


An earlier version appeared in Journal of Pyrotechnics, Nos. 9 (1999); 12 (2000); and 15 (2002). 
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Pyrotechnic Ignition and Propagation: A Review 


K. L. and B. J. Kosanke 
PyroLabs, Inc., 1775 Blair Road, Whitewater, CO 81527, USA 


ABSTRACT 


The ideal pyrotechnic is completely stable in 
storage and handling, yet performs its mission 
completely, with absolute reliability, upon de- 
mand. Many accidents in pyrotechnics are the 
result of unintentional ignitions during handling 
and storage. There can also be serious safety 
ramifications of ignition and propagation fail- 
ures of pyrotechnic devices. This review chapter 
presents a fairly rigorous, but mostly non-math- 
ematical discussion of the ignition and propa- 
gation processes. 


Keywords: ignition, propagation, heat of 
reaction, activation energy, spontaneous 
ignition, thermal run-away, cook-off 


Introduction 


An understanding of the mechanism of pyro- 
technic ignition and propagation will improve 
one’s ability to identify and solve problems with 
ignition failures (duds) and unintended ignitions 
(accidents). In addition, many of these same 
principles play an important role in understand- 
ing the control of pyrotechnic burn rate. This 
chapter will examine these important topics 
thoroughly, however, not at a mathematically 
rigorous level. For more detailed and rigorous 
discussions, readers are referred to the writings 
of Merzhanov and Abramoy.!'7! 
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Pyrotechnic Reaction 
Energy Considerations 


Pyrotechnic compositions are mixtures of 
fuel(s) and oxidizer(s) and often other materials. 
They are used to produce energy on demand in 
the form of heat, light, sound, etc. Pyrotechnic 
compositions are said to be in a “meta-stable” 
state. That is to say that under typical conditions 
they are stable and do not react to release their 
internal chemical energy unless externally stim- 
ulated in some way. Probably the most common 
stimulus is the addition of heat, such as pro- 
vided by a burning match or fuse. Ignition is the 
process of stimulating a pyrotechnic composi- 
tion to release its internal energy and can be 
defined as “the initiation of self-sustained burn- 
ing or explosion of a pyrotechnic material”.! 


Figure | illustrates the process of ignition by 
graphing the internal energy of a tiny portion of 
pyrotechnic composition during the progress of 
its chemical reaction and is typical of non- 
spontaneous exothermic chemical reactions."*! 
At the left of the graph, where the process be- 
gins, the pyrotechnic composition has a certain 
amount of internal energy. To accomplish igni- 
tion, external energy is supplied, such as from a 
burning match. This addition of energy increases 
the internal energy of the composition and is seen 
as a rise in the curve of Figure 1. This is indi- 
cated as the “Energy In” part of the reaction. As 
the process continues, eventually the pyrotech- 
nic composition ignites to release its stored 
chemical energy to the surroundings. This loss 
of internal energy is seen as a drop in the curve 
of Figure 1 and is indicated as the “Energy 
Out” part of the reaction. The energy that was 
required to stimulate this release is commonly 
referred to as the “Activation Energy” (£,). The 
net amount of energy produced by the pyro- 
technic reaction is referred to as the “Heat of 
Reaction” (AH,)."! 


Ignition and Propagation 
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Figure 1. A graph illustrating the flow of 
energy into and out of a tiny portion of 
pyrotechnic composition. 


Even the smallest particles of fuel and oxi- 
dizer in the pyrotechnic composition are clus- 
ters of many billions of atoms bound together to 
form the particle. It is possible to think of the 
two-step process—energy in and energy out— 
as first when old chemical bonds are being bro- 
ken in the fuel and oxidizer, and second, when 
new chemical bonds are being formed to make 
the reaction products. This also helps to make it 
clear why the activation energy"! requirement 
acts as a barrier that must be surmounted to ini- 
tiate the chemical reaction. Until the necessary 
energy is supplied to break the original chemi- 
cal bonds, thus freeing individual fuel and ox1- 
dizer atoms, they are not available to react with 
each other to form new chemical bonds. 


In a pyrotechnic chemical reaction, a net 
amount of energy will be produced, providing 
the new chemical bonds being formed in the reac- 
tion products are stronger than the old bonds that 
must first be broken in the fuel and oxidizer. 
Table | lists the heat of reaction for some two- 


Table 1. Heat of Reaction of Binary Pyrotechnic Compositions. 


(%) 


(%) | Oxidizer 


component (binary) pyrotechnic reactions. The 
reason that varying amounts of energy are pro- 
duced is that in each case different numbers and 
strengths of chemical bonds are broken and 
formed. 


Collections of atoms, such as those bound 
together in a particle of fuel or oxidizer, are not 
held in absolutely rigid positions. The individ- 
ual atoms jostle about (vibrate), back and forth, 
and up and down. Because of these internal mo- 
tions, the individual atoms possess energy, of- 
ten referred to as thermal energy. In the process 
of jostling with one another, the atoms transfer 
some of their thermal energy from one to an- 
other. The net result of this jostling and energy 
sharing is that at any instant some atoms have 
much energy while others have little, and an 
atom that has much energy now, may have only 
a little energy later. 


Figure 2 is a graph illustrating the distribu- 
tion of the thermal energy"! of individual atoms 
in fuel and oxidizer particles in a pyrotechnic 
composition at some temperature 7|. The curve 
goes through the origin of the graph, meaning 
that zero atoms have zero energy. Thereafter an 
increasing number of atoms have increasing 
energy, until a peak is reached, followed by a 
continuously decreasing number of atoms pos- 
sessing higher and higher energies. Also shown 
in Figure 2 is the activation energy E, that is 
required to initiate the pyrotechnic reaction. 
Note that the composition contains some atoms 
with energies exceeding the activation energy 
barrier. (In Figure 2 the number of atoms with 
energies greater than E, has been exaggerated 
for clarity.) 


[Sa] 


Potassium chlorate 


Barium nitrate 
Potassium perchlorate (66) fo . 
Iron(Il) oxide 


Aluminum (34) ]. 
Aluminum (40). |. 
Aluminum 
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Number of Atoms 


Thermal Energy 


Figure 2. A graph illustrating the thermal 
energy distribution of atoms in a pyrotechnic 
composition. 


Since some atoms in the pyrotechnic com- 
position already have sufficient energy to react, 
the question should be “Why isn’t the pyrotech- 
nic composition reacting?” The answer is, “It is 
reacting, but only very, very slowly.” To see why 
this is the case, consider the following: At room 
temperature, only one atom in roughly every 
million billion (10'°) has the needed activation 
energy to react.'*) Additionally, only the fuel 
atoms that are in direct contact with oxidizer 
atoms can react. The fraction of atoms in a tiny 
particle that are on its surface, combined with 
the fraction of those surface atoms that are in 
direct contact with the right atoms on the sur- 
face of other particles is roughly one atom in a 
million (10°), thus only one atom in roughly 
every thousand billion billion (107) is capable 
of reacting at any given time. Accordingly, while 
reactions are taking place, the relative number 
of those reacting atoms is very, very small. 


Thermal Run-Away 


If the temperature of the pyrotechnic com- 
position is raised, from 7, (of Figure 2) to a 
higher temperature 7», as illustrated in Figure 3, 
on average the atoms jostle around with more 
energy. More significantly, however, the num- 
ber of atoms with energies exceeding the acti- 
vation energy barrier increases greatly.'*! As a 
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consequence, there are now many more atoms 
capable of reacting, and there is a corresponding 
increase in the rate at which the reactions occur. 
Recall, however, that these chemical reactions 
produce thermal energy; thus an increase in the 
reaction rate causes an increase in the rate of 
production of heat; which would seem to pro- 
duce a further increase in temperature; which 
causes still more atoms to have energies ex- 
ceeding the activation energy barrier; which 
causes a still greater increase in reaction rate and 
the rate of heat production; which causes a fur- 
ther increase in temperature; etc. This accelerat- 
ing cyclic process is outlined in Figure 4 and 
leads to what can be called “thermal run-away” 
and ignition. 


tee 1, 


Number of Atoms 


Thermal Energy 


Figure 3. An illustration of the effect of 
increasing temperature on the distribution 
of the thermal energy of atoms. 


Taken literally, the process outlined in Fig- 
ure 4, suggests that the slightest temperature rise 
of a pyrotechnic composition will eventually 
lead to thermal run-away and ignition. Obvi- 
ously, as common experience illustrates, this is 
not correct. The problem with the discussion thus 
far is that only the rate of thermal energy pro- 
duction has been considered, which is only half 
of the total picture. The rate of thermal energy 
loss from the pyrotechnic composition to the 
surroundings must also be considered. This more 
complete energy picture is presented in Fig- 
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Increase Temperature 
\<——_____4 
Number of atoms with energy 
greater than E, increases 


| 


Reaction rate increases 


4 


Rate of energy production increases 


| 


Temperature of material rises 


| 


Cycle repeats over and over again —>' 


| 


Thermal run-away = Ignition 


Figure 4. Outline of the accelerating cyclic 
process leading to thermal run-away and 
ignition. 


ure 5, with both the heat-gain and heat-loss rate 
plotted as a function of temperature. 


< Gain 


Rate of Heat 
Gain and Loss 


T 
2 Temperature 


Figure 5. Graph illustrating the rate of heat 
gain and loss for a pyrotechnic composition as 
a function of temperature. 


The rate (4) of a simple pyrotechnic chemi- 
cal reaction follows an exponential relation- 
ship,*! sometimes referred to as the Arrhenius 
equation: 


k= Aer RT (1) 
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where A and R are constants, and 7 is absolute 
temperature. The rate of heat gain Q, is just the 
reaction rate multiplied by the heat of reaction: 


Qc=k- AH, (2) 


Thus, in Figure 5, the rate of heat gain curve 
passes through the origin and rises exponentially 
(ever more steeply) with increasing temperature. 


For a mass of pyrotechnic composition, heat 
loss from the surface will primarily be from con- 
vection through contact with the air. However, 
any heat generated internally, will first need to 
be conducted to the surface. Accordingly, for 
spontaneous heat generation, temperatures at the 
center of the mass would normally be highest." 
The rate of heat loss Q, from the center of the 
pyrotechnic composition depends on the thermal 
conductivity of the composition and any pack- 
aging, the convective heat loss coefficient, the 
geometry of the sample (or item), and the differ- 
ence in temperature between the center of the 
composition 7 and ambient temperature 7,. This 


may be expressed as approximately:!”! 


QO, = C (T-T) (3) 


where C is a constant derived from the geome- 
try and thermal properties of the pyrotechnic 
sample (or item). Accordingly, in Figure 5, the 
rate of heat loss curve is a straight line crossing 
the temperature axis at ambient temperature and 
with a slope equal to C. 


To illustrate why, under typical storage con- 
ditions, pyrotechnic compositions are meta- 
stable and do not spontaneously ignite, as sug- 
gested by the process outlined in Figure 4, con- 
sider Figures 6 and 7. Figure 6 is an enlarged 
view of the low temperature region from Fig- 
ure 5. Ifa pyrotechnic composition is formulated 
from materials at ambient temperature, the com- 
position will be at the same temperature, at least 
initially. In Figure 6, note that at ambient tem- 
perature, the rate of heat loss is zero, while the 
rate of heat gain is greater than zero. Accord- 
ingly, the temperature of the sample will begin 
to increase. The temperature of the sample will 
continue to rise until the rate of gain and loss 
are equal. This occurs at the crossing point of 
the “gain” and “loss” curves, where the tempera- 
ture of the sample 7, has risen to slightly above 
ambient temperature. (Note that in Figure 6, the 
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temperature difference between 7, and 7, has 
been exaggerated for clarity.)! 


Rate of Heat 
Gain and Loss 
(a 
{e) 

o 


Temperature a 


Figure 6. Enlarged view of the low 
temperature region of Figure 5. 


Rate of Heat 
Gain and Loss 


Temperature 


Figure 7. Illustration of the effect of a modest 
rise in temperature (T,) of a pyrotechnic 
composition. 


Now imagine that for some reason the pyro- 
technic composition was momentarily raised 
from temperature 7, to 7,, somewhat further 
above ambient, see Figure 7. In this case, both 
the rate of heat gain in the pyrotechnic compo- 
sition and the rate of heat loss from the compo- 
sition increase. However, the rate of loss is 
greater than the rate of gain. Accordingly, the 
net effect will be a loss of thermal energy with 
time. The temperature of the composition will 
decrease and must continue to fall to the tem- 
perature where the rates of loss and gain are 
equal (at temperature 7;). From the this discus- 
sion, it can be seen that pyrotechnic composi- 
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tions are at least meta-stable, in that any small 
addition of energy will not ultimately cause 
thermal run-away and ignition. 


Figure 8 shows that if the temperature of the 
pyrotechnic composition were raised momen- 
tarily to a still higher temperature 7>, that the re- 
sult would be quite different. In this case, again 
both the rate of heat gain and the rate of heat 
loss increase. However, this time the rate of 
gain has overtaken the rate of loss. Thus at this 
temperature, there is a net accumulation of heat, 
producing a further increase in temperature. In 
fact, this is an ever-accelerating process, because 
as the temperature increases, the rate of gain 
increases much faster than the rate of loss. In 
this case, the process outlined in Figure 4 does 
apply and leads to thermal run-away and ignition. 


Gain Rate 


Rate of Heat 
Gain and Loss 


Temperature 


Figure 8. Illustration of the effect of a 
substantial rise in the temperature (T») of a 
pyrotechnic composition. 
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Thermal Run-Away Temperature!*! 


Obviously, the temperature at which thermal 
run-away can occur for each pyrotechnic com- 
position is of great importance from a safety 
standpoint. Whenever a pyrotechnic composi- 
tion is raised above this temperature, it will be- 
gin to undergo thermal run-away and will even- 
tually ignite spontaneously. In Figure 9, the run- 
away temperature is designated as T, and is the 
temperature corresponding to where the gain 
and loss curves cross for the second time. For 
any composition, this temperature could be es- 
tablished experimentally (with some effort) or 
mathematically (providing the gain and loss 
relationships are known). 


Rate of Heat 
Gain and Loss 


a 


Temperature 


Figure 9. Illustration of the thermal run-away 
temperature of a pyrotechnic composition, 
under one set of conditions. 


From equations | and 2 it can be seen that 
the rate of heat gain depends on the activation 
energy and the heat of reaction, which are de- 
termined by the formulation of the pyrotechnic 
composition. The heat of reaction is easy to 
calculate, providing one knows the equation for 
the chemical reaction,!°”! or it can be determined 
experimentally.° Determination of activation 
energy must be established through experimen- 
tation.””'"! From equation 3, as expressed by the 
constant C, it can be seen that the rate of heat 
loss depends on the thermal conductivity, the 
convection coefficient and geometry of the com- 
position, and on ambient temperature. All of 
these parameters can be determined with only 
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modest effort. However, the rate of heat loss 
depends on many things other than the pyro- 
technic formulation. For example, the degree of 
compaction of the composition, the size (mass) 
of the item or sample, and the packaging of the 
composition all affect the thermal conductivity 
of the composition or item. Also, the rate of 
heat loss is a function of ambient temperature. 
Thus, for each pyrotechnic formulation there is 
not just one thermal run-away temperature, 
rather there is one for each of an infinite num- 
ber of different sets of conditions. This illus- 
trates the problem in trying to use thermal run- 
away temperature to characterize a pyrotechnic 
formulation. 


Spontaneous Ignition Due to 
Thermal Run-Away 


Even though the use of thermal run-away 
temperature as a way of characterizing pyrotech- 
nic compositions 1s of limited value, the concept 
is important because it helps to identify some 
potentially dangerous conditions where there 
will be delayed spontaneous ignitions. For ex- 
ample, Figure 10 illustrates the effect of vary- 
ing sample size. Note that the rate of heat gain 
(per gram of composition) is unaffected by sam- 
ple size, but the rate of heat loss is sample-size 
dependent. Small samples generally lose heat 
easily and have a rate of heat-loss curve that is 
steep, with two crossing points, the higher of 
which is the thermal run-away temperature. As 
the sample size increases (medium sample size 
in Figure 10), the slope of the heat loss curve 
decreases, lowering the run-away temperature 
more and more with increasing sample size. At 
some point, for a large sample, there will only 
be a single point of contact between the curves. 
This represents the largest sample, under a spe- 
cific set of conditions, that theoretically will not 
spontaneously run-away thermally and ignite. 
For samples larger than this, the rate of heat gain 
is always more than the rate of loss, and the 
sample will always run-away thermally. It may 
take a very long time, but for large enough sam- 
ples, eventually, there must always be a sponta- 
neous ignition. 
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Figure 10. An illustration of the effect of 
increasing sample size on the rate of heat 
loss and therefore on thermal run-away 
temperature. 


The rate of heat loss is sample-size depend- 
ent because sample size is one factor that af- 
fects the constant C in equation 3. Another fac- 
tor is the thermal conductivity of the pyrotech- 
nic composition and its packaging. In Figure 10, 
poorly conducting compositions and insulating 
packaging produce effects equivalent to a large 
sample size. 


A somewhat similar situation arises for in- 
creasing ambient temperature, see Figure 11. 
When the ambient temperature is low (T,), sam- 
ples lose heat to the surroundings fairly easily. 
This places the heat-loss rate curve fairly high 
on the heat-gain curve, producing two crossing 
points, the higher of which is the thermal run- 
away temperature. As the ambient temperature 
increases, it becomes more difficult for the 
sample to lose heat. The slope of the heat-loss 
curve is unchanged, but its position relative to 
the heat-gain curve is lower. This lowers the 
run-away temperature more and more with in- 
creasing ambient temperature. At some point, 
for high enough ambient temperature, there will 
only be a single point of contact between the 
curves. This represents the highest ambient tem- 
perature, for this type and size of sample, that 
will not spontaneously run-away thermally (ig- 
nite). For ambient temperatures greater than this, 
the rate of heat gain is always more than the rate 
of heat loss, and the sample will always run- 
away thermally. It may take a long time, but, for 


Pyrotechnic Chemistry 


Chapter 4 — Page 7 


such hot ambient conditions, there will eventu- 
ally be a spontaneous ignition. 


Rate of Heat 
Gain and Loss 


Ta lala Ty Temperature 
Figure 11. An illustration of the effect of 
increasing ambient temperature on the rate 

of heat loss and therefore on thermal run-away 
temperature. 


Just how large a sample and just how high 
an ambient temperature are required for thermal 
run-away and spontaneous ignition depends on 
the chemical formulation and the conditions of 
its packaging and storage. For some composi- 
tions under favorable conditions, it may require 
a tremendous quantity of material, and it may 
take an exceptionally long time to run-away and 
spontaneously ignite. However, under more 
extreme conditions, or for other compositions, 
small samples of composition may ignite 
quickly. 


Time to Ignition, “Cook-Off” Tests 


The time for any given pyrotechnic compo- 
sition or device to ignite is a function of the 
temperature to which it is exposed, as illus- 
trated in Figure 12. If a sample is placed in an 
oven, its temperature will begin to rise, eventu- 
ally reaching the temperature of the oven. If the 
temperature of the oven 7; is less than the run- 
away temperature for the pyrotechnic composi- 
tion, the sample will never ignite (i.e., the time 
to ignition is infinite). 
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<— Ignition — 


Temperature 
+ 


No Ignition + 


Time 


Figure 12. An illustration of the dependence of 
time to ignition on the temperature to which a 
pyrotechnic composition is heated. 


Suppose the temperature of the oven is in- 
creased to 7), slightly higher than the run-away 
temperature. Upon placement in the oven, the 
sample will start to heat up and will eventually 
rise to the temperature of the oven. For a while, 
it may appear that nothing is happening with 
the sample. However, inside the sample, heat is 
slowly accumulating, raising the temperature, at 
first perhaps imperceptibly. As the internal 
temperature rises, the rate of reaction increases, 
increasing the rate of heat gain, and further in- 
creasing the temperature (i.e., thermal run-away 
has begun). As a result of this ever accelerating 
process, the internal temperature rises ever more 
rapidly, until eventually there is an ignition, at 
time f, in Figure 12. 


Now suppose the temperature of the oven is 
increased to 73, significantly higher than the 
run-away temperature. Upon placement in the 
oven, the sample again will heat up, approach- 
ing the oven temperature. However, under these 
conditions, the sample’s temperature rise may 
not slow very much as it reaches the oven tem- 
perature, before thermal run-away is at an ad- 
vanced state with ignition occurring more 
quickly at time ¢3. 


Determining the time to ignition, as a func- 
tion of temperature, has important ramifications 
for the storage of pyrotechnics (and explosives). 
If one were to guess wrong, the consequences 
of an accidental spontaneous ignition could be 
disastrous. Tests performed to discover the time- 
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to-ignition and temperature relationship are 
sometimes called “cook-off” tests.'''! In these 
tests, samples or items are typically placed in a 
heated bath, after having thermocouples in- 
stalled internally. Bath and sample temperatures 
are monitored as a function of time from the 
start of the test, and the time to ignition or ex- 
plosion (if either occurs) is recorded. 


Ignition and Ignition Temperature 


Ignition is one of the more difficult terms to 
define in pyrotechnics. Obviously it cannot be 
defined as when chemical reactions start. As was 
discussed earlier, some pyrotechnic reactions are 
occurring all the time, although at a very, very 
low rate. Even after the thermal run-away tem- 
perature has been reached, there may be no ob- 
vious sign anything is happening. For most ob- 
servers, the appearance of a flame (high tem- 
perature radiant gases) or at least obvious in- 
candescence of the solid phase is taken as the 
indication that ignition has occurred. As sug- 
gested in Figure 12, at the time of ignition very 
rapidly accelerating reaction rates produce a near 
instantaneous rise in temperature, typically from 
several hundred to two thousand degrees Celsi- 
us or higher. Thus, the physical manifestations 
of ignition develop very rapidly as ignition is 
occurring. 


Ignition temperature can be defined as “the 
minimum temperature required for the initiation 
of a self-propagating reaction”.!') However, 
from the above discussion, that temperature can 
vary widely depending on sample conditions and 
on how long one is willing to wait for the igni- 
tion to occur. These problems are mostly elimi- 
nated for ignition temperature measurements, 
because the conditions and delay time are usu- 
ally specified in the procedure to be used. Un- 
fortunately, there are many different procedures 
that are used; the Encyclopedia of Explosives"?! 
alone lists 14 different methods. This means 
there can be many more than one ignition tem- 
perature reported for the same pyrotechnic 
composition, depending on which method was 
used. Fortunately, the various ignition tempera- 
tures of the most commonly used methods all 
tend to be in the same general range, primarily 
because the measurement conditions of the 
various methods tend to be somewhat similar. 
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Obviously, however, the most consistent results 
will be achieved if all measurements are made 
using the same method. When evaluating re- 
ported ignition temperature data, it is useful to 
know which method has been used. Three hot 
bath methods and one differential thermal analy- 
sis method are described in the following para- 
graphs. 

Hot Bath Method One: Ignition temperature 
is the lowest temperature of a bath of Wood’s 
metal," to within 5 °C, that results in ignition 
within 5 minutes for a 0.1 g sample in a pre- 


heated small glass test tube inserted 1/3 its length 
into the bath.#! 


Hot Bath Method Two: Ignition temperature 
is the temperature of a bath of Wood’s metal that 
results in ignition in 5 seconds (determined 
graphically using time to ignition data) for a 
1.0 g sample in a thin-walled brass or copper 
tube (typically a No. 6 detonator shell).!"°! 


Hot Bath Method Three: \gnition temperature 
is the temperature of a bath of Wood’s metal, 
heated at a rate of 5 °C per minute, at which 
ignition occurs for a 0.5 g sample in a tightly 
corked glass test tube (125 mm long by 15 mm 
inside diameter with a 0.5 mm wall thickness). !"*! 


Differential Thermal Analysis Method: \gni- 
tion temperature is the temperature of onset of 
the ignition exotherm for a 10 to 100 mg sam- 
ple heated at a rate of 50 °C per minute.!"*! 


A collection of ignition temperatures for a 
series of two-component, stoichiometric pyro- 
technic compositions are presented in Table 2. 
Shidlovskiy reports the method as one using an 
electric furnace instead of a bath of Wood’s 
metal. Unfortunately, he provides no other in- 
formation on the method, other than an estimate 
of the accuracy of the results to be within 10 °C. 
(This data was chosen for inclusion because it 
was the most systematically complete set of 


Table 2. Ignition Temperatures for Binary Pyrotechnic Compositions. 


Potassium chlorate 
Potassi 
Potassium nitrate 
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data readily available to the authors.) 


It might be of interest to note that a typical 
pyrotechnic composition raised to its ignition 
temperature will have about 30 million times 
more atoms with energies exceeding E, than at 
room temperature. |! 


The Effect of Melting and 
Tammann Temperature 


For a pyrotechnic reaction to occur, the at- 
oms (or molecules) must have the required acti- 
vation energy, and they must be in direct con- 
tact with another atom of the correct type. Even 
for well-mixed solid particles, there are rela- 
tively few points of contact between individual 
particles; see the top illustration of Figure 13. 
Thus, the number of fuel and oxidizer atoms 
that are in contact with one another is normally 
quite small. However, if one of the components 
melts to flow around the surfaces of the other 
particles, there is a great increase in the number 
of atoms now in contact; see the bottom illus- 
tration of Figure 13. 


Accordingly, melting can have a significant 
effect on the likelihood of ignition. The poten- 
tial effect on ignition is outlined in Figure 14. If 
the percentage of atoms in physical contact in- 
creases upon the melting of one component, 
then more atoms with energies exceeding the 
activation-energy barrier will then be in contact 
with one another. That means the reaction rate 
will then be greater, and with it the rate of pro- 
duction of thermal energy, which means that 
thermal run-away and ignition can occur at a 
lower temperature than if melting had not oc- 
curred. Thus, it is suggested that if a composi- 
tion is nearing its ignition temperature, and one 
component of the composition melts, that could 
result in ignition occurring at that lower tem- 


[Se] 


Ignition Temperature (°C) 


Mg powder _|_Al dust 


Ignition and Propagation 


little 
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much 
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Figure 13. An illustration of the great increase 
in contact between fuel and oxidizer after one 
component melts. 


Melting of one component 


4 


The percentage of atoms in 
physical contact increases 


| 


More atoms with energies exceeding 
E, are in contact and will react 


| 


Rate of reaction increases 


4 


Rate of energy production increases 


| 


Thermal run-away (ignition) occurs 
at a lower temperature 


Figure 14. Outline of the effect of one 
component melting on the process of ignition. 
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perature. For example, the melting point of po- 
tassium nitrate and the ignition temperature of 
Black Powder are effectively the same.!'”"! 


Melting can be thought of as occurring when 
the thermal vibrations of a solid are so strong 
that many of the bonds, which had been holding 
the solid together, are broken. While for most 
pure chemicals melting has a sudden onset at a 
specific temperature, the vibrations of the atoms 
in the solid become increasingly strong as the 
temperature is increased toward the melting 
point. This can be thought of as the loosening 
of the bonds holding the solid together. It has 
been suggested that at an absolute temperature 
halfway to the melting point, the bonds become 
so loose that there can be a significant commin- 
gling of the atoms of different particles that are 
in direct contact.'**! This temperature is called 
the Tammann temperature after the researcher 
making this observation. 


Tammann temperatures are of interest be- 
cause samples at or above these temperatures 
demonstrate significantly increased sensitivity 
to accidental ignition. Table 3 lists the Tammann 
temperature for some common pyrotechnic oxi- 
dizers. 


Table 3. Tammann Temperature for 
Common Pyrotechnic Oxidizers.!”"! 


Tammann 
Oxidizer Temperature (°C) 


Sodium nitrate 
Potassium nitrate 
Potassium chlorate 
Strontium nitrate 
Barium nitrate 
Potassium perchlorate 
Lead chromate 


lron(IIl) oxide 


Propagation and the 
Propagation Inequality 


Having successfully ignited a pyrotechnic 
composition is no guarantee that the reaction 
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will propagate throughout it. This is because the 
application of an external stimulus, such as a 
flame, typically provides thermal energy to only 
a small portion of the composition, and the igni- 
tion stimulus is usually of relatively short dura- 
tion. After its application, the pyrotechnic com- 
bustion reaction will continue to propagate 
through the composition only so long as the 
pyrotechnic reaction itself provides sufficient 
energy to the unreacted composition. What is 
needed is sufficient energy to raise the unre- 
acted composition above its ignition tempera- 
ture. This process is illustrated in Figure 15. The 
portion of the rod of pyrotechnic composition 
to the extreme right has already been consumed 
by burning. Just to the left of that is a thin disk 
of composition that has ignited and is still react- 
ing (burning). Just left of that is another thin 
disk of composition, labeled “pre-reacting ma- 
terial”, which has not yet ignited. This disk of 
pre-reacting material will only ignite if it is 
raised above its ignition temperature, which 
means that a significant number of its atoms 
and molecules will have received at least the 
required activation energy E,. 


Unreacted 
Composition 


Flame 
Va 


Consumed 
, Material 


: 


A Reacting Material 
Pre-Reacting Material 


Figure 15. Illustration of a propagating rod of 
pyrotechnic composition. 


Most of the energy being produced by the 
reacting material (the heat of reaction AH,) is 
lost to the surroundings. However, some frac- 
tion of the energy (F',) will be fed back from 
the reacting layer to the pre-reacting layer. The 
actual amount of energy fed back is just the 
product of the heat of reaction and fraction that 
is fed back (i.e., AH,.- Fy»). Propagation will oc- 
cur providing more energy is fed back than is 
required for ignition of the pre-reacting disk of 
composition. This statement, then, gives rise to 
something that could be called the “propagation 
inequality” 
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AH,.: Fn, > Eq (4) 


As long as this relationship holds true, propaga- 
tion will continue. 


Obviously, the probability of successful py- 
rotechnic propagation is increased by anything 
that results in more energy being produced by 
the burning composition, a greater percentage of 
that energy being fed back, or a reduction of the 
activation energy requirement. The heat of reac- 
tion and the activation energy are determined 
by the chemical nature of the composition; un- 
fortunately, a thorough discussion is beyond the 
scope of this chapter.'*! Energy is fed back to 
the pre-reacting layer through any combination 
of conduction, convection, or radiation. These 
are more fully considered in Figure 16, where 
some of the factors increasing the efficiency of 
these mechanisms are also presented. 


Figure 17 is similar to Figure 15 but provides 
a more compete description of the propagation 
process, including information on the relative 
temperatures expected. Zone (a) is unreacted 
pyrotechnic composition, which has thus far 
been unaffected and remains at ambient tem- 
perature. Zone (b) is described as the warm-up 
zone, where the temperature has started to rise 
above ambient, primarily as a result of thermal 
conduction. It is in this zone where reaction 
rates are first beginning to increase. These reac- 
tions are sometimes referred to as “pre-ignition 
reactions”,**") and contribute some thermal en- 
ergy. In Zone (c), the temperature has risen sig- 
nificantly, at least one component of the com- 
position has melted, and some gaseous material 
may be bubbling to the surface. Because of the 
rise in temperature and the greatly increased 
contact between fuel and oxidizer, the reaction 
rate in Zone (c) and the production of heat is 
greatly increased. By any definition, Zone (c) is 
considered to have ignited. In Zone (d), much 
of the reaction is occurring in the gas phase; 
however, some droplets of reacting composition 
ejected from the surface may still be present. 
Again the reaction rate and the thermal energy 
being produced have increased substantially 
from the previous zone, and the temperature has 
peaked. Zone (d) is the inner portion of the 
flame envelope. In the final region, Zone (e), 
the energy producing reactions have ceased, and 
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Conduction: 


— Thermal energy (molecular 
vibration) is conducted along 
solids from hotter to cooler. 


— Factors maximizing conductive 
feedback: 
¢ Compacted composition 
¢ Metal fuels 
¢ Metal casing or core wire 


Convection: 


— Hot gases penetrate the solid 
composition along spaces 
between grains (fire paths). 


— Factors maximizing convective 
feedback: 
¢ Uncompacted composition 
¢ Granulated composition 
¢ Cracks in composition 


Radiation: 


— Thermal (infrared) radiation, 
emitted from flame and glowing 
particles, is absorbed by 
incompletely reacted composition. 


— Factors favoring radiative 
feedback: 


¢ Solid or liquid particles in flame 
¢ Dark or black composition 


Figure 16. Outline describing the mechanisms 
of pyrotechnic energy feedback and some of the 
factors that enhance their effectiveness. 


because of heat loss to the surroundings, the 
temperature begins to fall significantly. 
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Flame 
Temperature 


Temperature 
<—— Ambient 


Distance Along Composition 


Figure 17. A more complete description of the 
processes of pyrotechnic propagation: 

(a) unreacted composition; (b) warm-up zone; 
(c) condensed phase reactions; (d) gas phase 
reactions; and (e) reactions complete. 

(Based on reference 5d.) 


Conclusion 


The subjects of ignition and propagation 
could have been dealt with much more expedi- 
tiously. Specifically, it could simply have been 
stated that ignition requires raising at least a 
portion of a pyrotechnic composition to its igni- 
tion temperature, and that propagation requires 
the feed back of sufficient energy for continuing 
self-ignition of the composition. However, while 
this would have saved much time, it would have 
provided little understanding of the important 
principles involved. Accidents caused by unin- 
tentional ignitions continue to plague the pyro- 
technics industry. In addition, ignition failures 
with pyrotechnic devices, whether leaving an 
unfired-aerial shell in a mortar that needs to be 
cleared or resulting in a dud device on a battle 
field, have serious potential for accidents as well. 
Ignition or propagation failures with signaling 
smokes or flares may cause someone to not be 
rescued. It is through a more thorough under- 
standing of the basis for ignition and propaga- 
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tion, that pyrotechnists will be better able to 
solve potential problems before accidents occur. 
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Notes 


More recent usage of this term is “Enthalpy 
of Reaction”. 


The use of the term “activation energy” in 
the context of solid-phase pyrotechnic com- 
positions has a slightly different meaning 
than in aqueous or gas-phase chemistry. In 
aqueous and gas-phase chemistry, molecules 
can be thought of as reacting individually 
or at least in small groups. In that case, ac- 
tivation energy can be thought of as the 
amount of energy needed for a collision be- 
tween two individual molecules to cause 
them to react. However, a typical pyrotech- 
nic composition is composed of solid parti- 
cles of fuel and oxidizer, with each particle 
comprised of many billions of atoms or 
molecules. In this case, activation energy 
takes on much more of a macroscopic and 
less precise meaning. For the purpose of this 
chapter, activation energy of solid-phase py- 
rotechnic compositions is generally taken to 
mean that amount of thermal energy needed 
to induce a sustained exothermic reaction 
within a tiny portion of the composition. 


Pyrotechnic compositions, especially those 
of dark color that are exposed to bright 
sunlight may be an exception to the gener- 
alization about the highest temperature ex- 
pected to be in the middle of the composi- 
tion. 


Note that it is assumed the composition is 
physically at rest (i.e., it is not being mixed, 
which adds energy to the system). 


In some texts thermal run-away temperature 
is called the critical temperature’! or the re- 
action temperature.'*"! 


Wood’s metal is a eutectic alloy of bismuth, 
lead, tin and cadmium. It melts at 70 °C. 


[g] 


[h] 


1) 


2) 


3) 


4) 


5) 


6) 


7) 


8) 
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Some oxidizers are known for producing 
compositions with low activation energies 
(e.g., chlorates), while other oxidizers tend 
to produce compositions with especially 
high activation energies (e.g., oxides and 
sulfates). Fuels with low melting points or 
low decomposition temperatures (e.g., sul- 
fur, lactose and acaroid resin) tend to form 
compositions with low activation energies. 
Metal fuels tend to produce compositions 
with high heats of reaction. 


Pre-ignition reactions are typically reactions 
taking place in the solid state. While such 
reactions can be a source of energy, they 
generally only contribute in a minor way to 
promoting ignition. In part, this is because 
solid-state reaction rates are constrained by 
the difficulty of fuel and oxidizer commin- 
gling while both remain solid. 
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Control of Pyrotechnic Burn Rate 


B. J. and K. L. Kosanke 


ABSTRACT 


There may be many times when a fireworks 
manufacturer will want to adjust the burn rate 
of pyrotechnic compositions. Sometimes this may 
be for matters of aesthetics and other times for 
safety. For example, all of the following are un- 
acceptable: 


Strobe stars that flash with so low a frequency 
that they fall to the ground still burning. 

¢ Color stars that burn so rapidly that they 
occasionally explode when a shell flower- 
pots. 
Rockets that fail to lift-off because their 
thrust is too low. 


Rockets that explode upon firing because 
internal pressures exceed the casing 
strength. 


Salutes that burn like fountains instead of 
exploding with violence. 
e Flash powder that explodes when uncon- 
fined, even in small quantity. 
In each case, taking action to adjust burn rate 
should solve the problem. 


Depending somewhat on how they are 
counted, there are at least 15 factors that con- 
trol pyrotechnic burn rate. A manufacturer that 
understands how these factors act to affect burn 
rate may better anticipate when product per- 
formance difficulties will occur. Also, such a 
manufacturer will be better prepared to modify 
product formulations to correct any problems 
that do occur. 


Each burn rate control factor acts by affect- 
ing one or more of the following: activation 
energy, heat of reaction, and efficiency of en- 
ergy feedback. In this paper, the 15 factors are 
presented, explained and examples given. 
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Introduction 


In the burning of most pyrotechnic composi- 
tions it is necessary to balance competing proc- 
esses to achieve the maximum desired effect. 
For example, when the burst charge of an aerial 
shell burns too slowly, the result can be a weak 
and asymmetric shell burst that fails to properly 
disperse the stars. However, conversely when 
the burst charge of an aerial shell burns too 
quickly, the result can be a shell burst that is so 
powerful as to cause many of the stars to fail to 
ignite. In addition to aesthetic ramifications, 
safe performance can also require a balance 
between too little and too much output. For ex- 
ample, when the thrust produced by a fireworks 
rocket is too low, the result can be an explosion 
of the rocket at ground level because the rocket 
failed to fly into the air. Conversely, when the 
thrust is too high, the result can again be an ex- 
plosion at ground level because the internal pres- 
sure exceeded the strength of the motor casing. 


One mechanism, useful in adjusting pyro- 
technic output, is the control of burn rate. Burn 
rate determines the rate of gas production from 
a burst charge or a propellant, and thus the rate 
of pressure rise and peak pressure within a star 
shell, and the thrust from and internal pressure 
within a rocket motor. Accordingly, an under- 
standing of the ways in which burn rate can be 
adjusted can be useful in modifying pyrotechnic 
formulations to maximize their performance 
and safety. In this chapter, after a brief theoreti- 
cal discussion, which forms the basis for under- 
standing how each factor acts to modify burn 
rate, 15 factors that affect burn rate are pre- 
sented, discussed and examples given. 
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Pyrotechnic Ignition 


Pyrotechnic materials are said to exist in a 
“meta-stable” state. That is to say, under normal 
circumstances they are stable (they do not spon- 
taneously ignite); however, once ignited, the 
combustion reaction is self-sustaining, produc- 
ing an excess of thermal energy. The reason 
pyrotechnic materials do not spontaneously ig- 
nite under normal conditions is that ignition 
requires the input of energy into the composi- 
tion. Once ignited, however, the pyrotechnic 
material burns thus producing energy. This two 
step energy relationship is illustrated in Fig- 
ure 1, which is an attempt to graph the internal 
energy of a tiny portion of pyrotechnic compo- 
sition during its ignition and burning. The first 
step, when energy is added to the composition 
to cause its ignition, is seen as an increase in the 
internal energy of the material. Within the for- 
malism adopted for this chapter, the minimum 
energy required for ignition is called the “acti- 
vation energy” for the pyrotechnic composition 
and is abbreviated as E,. The requirement for 
the input of energy, to ignite a pyrotechnic ma- 
terial, is what allows pyrotechnic compositions 
to be safely made and stored prior to use. If it 
were not for this activation energy barrier, fuels 
and oxidizers would ignite on contact. In the 
simplest of terms, it is possible to think of the 
required addition of energy as what is needed to 
raise the material to its ignition temperature. 
The second step, when the burning composition 
produces energy, is seen as a decrease in inter- 
nal energy. The net amount of energy produced 
during burning is the “heat of reaction” for the 
composition and is abbreviated as AH. 


a aa aa - Activation 

Pe i \ sy Energy 
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5 | 
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— In + Out pan 


Reaction Progress 


Figure 1. Changes in internal energy as a 
pyrotechnic composition ignites and burns. 
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In terms of chemistry, the process of ignition 
and burning can also be considered a two step 
process. The first step can be thought of as when 
chemical bonds are being broken between the 
individual atoms in particles of fuel and oxi- 
dizer. This requires the input of energy, the ac- 
tivation energy. In the second step, new chemi- 
cal bonds are formed between fuel and oxidizer 
atoms. This produces energy that flows from the 
chemical system, the heat of reaction. If the new 
chemical bonds (fuel to oxidizer) are stronger 
than the original bonds, there will be a net pro- 
duction of energy. Note that for pyrotechnic 
materials, the bonds within fuel and oxidizer 
particles tend to be weaker than those new bonds 
formed during burning. This is the reason these 
materials are effective energy producers. 


In the simplest of terms, pyrotechnic propa- 
gation can be thought of as continuing self- 
ignition. Consider Figure 2, which is a sketch of 
a stick of pyrotechnic composition, it can be 
thought of as a series of thin disks of material. 
The end disk, designated as reacting material, 
has received the needed activation energy and 
ignited. As this layer of material burns, it pro- 
duces energy, most of which is lost to the sur- 
roundings. However, some of the energy is 
transferred to the next disk, designated as pre- 
reacting material. If the amount of energy de- 
livered to the pre-reacting layer exceeds its ac- 
tivation energy requirement, then it too will 
ignite and burn. If this process is repeated for 
each succeeding disk of composition, then the 
burning will propagate through the entire stick 
of pyrotechnic material. 


Flame “A 
Unreacted 
Composition | 
Pre-Reacting Material A 
Reacting Material 


Figure 2. Burning “propagating” along a stick 
of pyrotechnic composition. 


It is possible to quantify the requirement for 
propagation in what could be called the “propa- 
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gation inequality”. Propagation within a pyro- 
technic composition will continue only so long 
as the amount of energy fed back to the next 
layer (Em) exceeds its activation energy require- 
ment, i.e., 

Ep> Ea (1) 


The amount of energy fed back equals the 
heat of reaction times the fraction of energy fed 
back (Fp), 1.€., 


Ep = AH, + Fp (2) 
Thus the propagation inequality becomes, 
AH, ° Fn > Eq (3) 


So long as the inequality is met, a pyrotechnic 
composition will propagate. However, if any- 
time during its burning the inequality fails to be 
met, burning will cease at that point. 


There are three mechanisms by which en- 
ergy can be transferred from the reacting layer 
to the pre-reacting layer: conduction, convection 
and radiation. In conduction, thermal energy, as 
atomic and molecular vibrations, is passed along 
from hotter to cooler regions. The factors maxi- 
mizing conductive heat transfer include com- 
pacted composition, metallic fuels, and metal 
casings or core wires. In convection, hot gases 
penetrate the composition along the spaces be- 
tween grains (called “fire paths”). The factors 
maximizing convective heat transfer include 
uncompacted composition and granulated or 
cracked composition. In radiation, thermal (in- 
frared) radiation is emitted from the flame 
(mostly from incandescent particles in the flame) 
and is absorbed by the reacting composition. The 
factors maximizing radiative heat transfer in- 
clude abundant solid and liquid particles in the 
flame and dark or black pyrotechnic composition. 


Given the relationship in equation 3, it is 
clear that the factors favoring propagation are: 
high heat of reaction (much heat produced), a 
relatively large fraction of energy fed back (ef- 
ficient energy feedback), and low activation 
energy (low ignition temperature). When the 
propagation inequality is just barely met, burn- 
ing proceeds feebly and is easy to extinguish. 
When the inequality is abundantly met, the 
burning proceeds fiercely and is difficult to ex- 
tinguish. 
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Factors Controlling Burn Rate 


Burn rates are reported as either mass burn 
rate or linear burn rate, with units of either the 
mass consumed per unit time (e.g., grams per 
second) or the distance the flame front pro- 
gressed per unit time (e.g., centimeter per sec- 
ond). In this chapter, unless stated to the con- 
trary, the term burn rate will mean linear burn 
rate. 


There are at least 15 factors known to affect 
the burn rate of pyrotechnic compositions. These 
are listed in Table 1. For each factor listed, the 
change in burn rate is produced by chemical 
effects, physical effects, or both. More specifi- 
cally, the most important of these effects are the 
three terms in the propagation inequality: acti- 
vation energy (£,), heat of reaction (AH,), and 
the fraction of energy fed back, (Fy). High burn 
rates are generally favored by any combination 
of low activation energy, high heat of reaction 
and efficient energy feedback. Low burn rates 
tend to be the result of the opposite in each 
case. Table 1 also suggests which of the three 
mechanisms typically predominate for each burn 
rate controlling factor. This is indicated with an 
“X” in the appropriate column(s). 


The remainder of this chapter is a discussion 
of how each of the 15 factors acts to affect burn 
rate. Included in Table | is a designation of the 
subsection of this chapter where that discussion 
can be found. It must be acknowledged, how- 
ever, that some explanations have been greatly 
simplified, and less common situations may not 
have been addressed. Also, in these discussions, 
at times the concept of activation energy may 
be more of a construct used to help explain, 
rather than being treated rigorously on a scien- 
tific level. For additional information about ig- 
nition and pyrotechnic burning, the reader is 
referred to previous articles of the authors!'*! 
and one or more of the standard reference texts 
on pyrotechnics.!*7! 


A) Choice of Fuel and Oxidizer 


The choice of fuel(s) and oxidizer(s) can 
significantly affect activation energy, heat of 
reaction and the efficiency of energy feedback. 
Accordingly, the selection of fuel and oxidizer 
has the potential for having a major influence 
on pyrotechnic burn rate. 
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Table 1. Factors Controlling Burn Rates of Pyrotechnic Compositions. 


Choice of fuel and oxidizer 
Fuel to oxidizer ratio 
Degree of mixing 


Physical form 
Degree of consolidation 


Environmental effects 


Regarding activation energy, a significant 
consideration is the amount of energy required 
for an oxidizer to make its oxygen available to 
react with the fuel. Some oxidizers require in- 
put of a large amount of energy, while others 
actually produce energy in the process of re- 
leasing their oxygen. This can be seen in Table 2 
where the decomposition energy for a few com- 
mon oxidizers is listed. (Note: A negative num- 
ber indicates that an input of energy is neces- 
sary, while a positive number means that ener- 
gy is produced during decomposition.) 


Table 2. Decomposition Energy for a Few 
Common Pyrotechnic Oxidizers. 


Enthalpy of 
Decomposition 
Product (kJ/g) 


Oxidizer 


Regarding heat of reaction, when fuels com- 
bine with oxygen, different numbers and 
strengths of chemical bonds are formed. This 
can significantly affect the amount of energy 
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produced by the combustion reaction. Table 3 
lists heat of reaction for some common fuels 
combining with oxygen. 


Table 3. Heat of Reaction for Some 
Common Fuels Reacting with Oxygen. 


(a) Products are CO2, HCl, and HO. 


Regarding the efficiency of energy feedback, 
recall that energy can be fed back from reacting 
to unreacted material by conduction, convection 
and radiation. The choice of chemicals can af- 
fect the efficiency of all three feedback mecha- 
nisms. For example: metal fuels have high ther- 
mal conductivity thus aiding in conductive feed- 
back; organic fuels produce much gas, which 
can increase convective energy transfer; and 
dark colored fuels, such as charcoal, can in- 
crease the absorption of radiant thermal energy. 
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B) Fuel to Oxidizer Ratio 


There is always an optimum fuel to oxidizer 
ratio, one which produces the fastest burn rate. 
This often corresponds to the situation where 
the reaction will be essentially complete with 
little fuel or oxidizer remaining after the reac- 
tion. When the fuel to oxidizer ratio deviates 
from this optimum value, burn rate is reduced. 
The burn rate continues to fall as the deviation 
from optimum increases. This can be thought of 
as mostly a result of a lowering of the heat of 
reaction for the pyrotechnic composition, al- 
though activation energy and efficiency of en- 
ergy feedback can also change. The heat of re- 
action falls because, as the fuel to oxidizer ratio 
deviates from optimum, there will be an in- 
creasing amount of fuel or oxidizer left over at 
the end of the reaction. Less energy is pro- 
duced, simply because this unreacted material 
will not have been utilized. The activation en- 
ergy may change because of changes in the heat 
capacity and ignition temperature of the com- 
position. The efficiency of the energy feedback 
can change as a result of changes in the physi- 
cal properties of the composition as the fuel to 
oxidizer ratio changes. 


As an illustration of the effect of fuel to oxi- 
dizer ratio, consider the burn rate derived from 
data reported for mixtures of boron and barium 
chromate,!''! presented in Figure 3. 


Mass Burn Rate (g/s) 


0 10 20 30 40 50 
Fuel (Percent) 


Figure 3. Burn rate for various mixtures of 
boron and barium chromate. 
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C) Degree of Mixing 


When a pyrotechnic composition is poorly 
mixed, it will generally have a lower burn rate 
than the same composition that is well mixed. 
In essence, this is because, while the entire vol- 
ume of the poorly mixed pyrotechnic composi- 
tion may have the optimum fuel to oxidizer ra- 
tio, there will be many small regions where the 
fuel to oxidizer ratio is far from optimum. 
Within each of these regions, what was said 
above for burn rate dependence on fuel to oxi- 
dizer ratio applies to each of these small re- 
gions. In the final analysis, however, the heat of 
reaction for the total amount of composition 
may not be significantly reduced. This is be- 
cause essentially all of the material will eventu- 
ally react, as fuel or oxidizer physically mi- 
grates from region to region, but this takes time 
(i.e., the burn rate is reduced). 


A series of samples of rough Black Powder 
were prepared and burned to measure their burn 
rate. Each sample was a loose conical pile of 
1 gram of —100 mesh material. This was ignited 
about half way up on one side of the pile using 
a hot wire igniter. Burn times were determined 
by a (field by field) review of a video recording 
of the burning. Sample A was dry mixed by 
passing several times through a 60-mesh screen. 
Sample B was dry mixed for several minutes 
using a mortar and pestle. Sample C was wet 
ball milled for 4 hours, dried and crushed to 
—100 mesh with a mortar and pestle. The char- 
coal and sulfur for sample D was dry ball 
milled for 4 hours; then with the potassium ni- 
trate added, and wet ball milled for 8 hours; 
then dried and crushed to —100 mesh with a 
mortar and pestle. The average mass burn rate 
for three measurements of each sample of rough 
Black Powder is shown in Figure 4. 


D) Particle Size 


As the size of individual fuel and oxidizer 
particles is made smaller, the burn rate in- 
creases. It is difficult to overstate the degree to 
which particle size, especially that of the fuel, 
can affect burn rate. The particle size effect can 
be considered to be the result of reducing the 
effective activation energy, because smaller par- 
ticles require less energy to be heated to the 
ignition temperature. Also, since only those 
atoms on the surface of particles are available 
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Figure 4. Mass burn rate of samples of rough 
Black Powder with varying degrees of mixing. 


to react, then, as particle size is reduced, the 
fraction of atoms on the surface increases. Fur- 
ther, presumably as a result of an increasing 
fraction of atoms on the surface of particles, 
some researchers have reported slight increases 
in heat of reaction for compositions with smaller 
particle sizes. 


For a demonstration of the effect of magne- 
sium particle size on the burn time of flares,!'°! 
see Figure 5. (Note: The author did not specify 
the formulation for the flare composition.) 
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Figure 5. Burn times for flares made with 
varying magnesium particle size. 


For most pyrotechnic compositions, the par- 
ticle size of the fuel, with its typically high 
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melting point, has the greatest effect on burn 
rate. The reason that the size of oxidizer parti- 
cles is of less importance is that most oxidizers 
melt or have decomposition temperatures at or 
below the ignition temperature of the pyrotech- 
nic composition. For a comparison of the rela- 
tive magnitude of the effect of fuel versus oxi- 
dizer particle size,!'°! see Figure 6, which shows 
the burn rate for a loose pyrotechnic composi- 
tion with strontium nitrate (60%), magnesium 
(25%), and PVC (15%). The greatest burn rate 
is for the composition with fuel and oxidizer 
both as fine particles. However, note the rela- 
tively small effect of using coarse oxidizer as 
compared with using coarse fuel. (The mesh 
range for the fine magnesium was 200-325 and 
the coarse magnesium was 30-50 mesh; how- 
ever, the author did not report the mesh range 
for the coarse and fine strontium nitrate.) 
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Figure 6. Burn rate for a red flare composition 
with varying fuel and oxidizer particle sizes. 


E) Particle Shape 


Particle shape affects burn rate in much the 
same way as particle size does; with a variation 
of effective activation energy as the controlling 
mechanism. Some shapes (e.g., thin flakes) are 
easier to raise to the ignition temperature than 
are other shapes. Thin flakes also tend to have a 
greater percentage of atoms on their surface. 
All else being equal, the order of particle shape, 
from lowest to highest burn rate is: spherical, 
spheroidal, granular and flake. As with particle 
size, the particle shape of the fuel has the great- 
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est effect on burn rate. Again the reason is that 
fuels tend to have melting points higher than 
the ignition temperature of the pyrotechnic com- 
position, whereas, oxidizers tend to melt or de- 
compose at temperatures at or below the igni- 
tion temperature. 


A series of samples were prepared that con- 
tained 64% potassium perchlorate, 27% alumi- 
num, and 9% red gum. In each case the average 
particle size for the aluminum was 20 microns; 
however, three different particle shapes were 
used: spherical atomized, spheroidal atomized, 
and flake. The pyrotechnic composition was 
pressed into 10 mm diameter paper tubes using 
a constant loading force. The burn time for 
3.5 gram samples was measured using a stop- 
watch, and the mass burn rate was calculated. 
Average results from three measurements of 
each particle shape are presented in Figure 7. 
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Figure 7. Mass burn rate for a composition 
using different fuel particle shapes. 


F) Presence of Additives 


It is possible to think of most pyrotechnic 
compositions as a pyrogen plus additives; where 
the pyrogen is the fuel and oxidizer, and the 
additives are those things that produce the in- 
tended pyrotechnic effect. Some common ex- 
amples of additives are: large granular fuels that 
produce sparks; agents that produce or enhance 
colored flame or smoke; a binder to hold a 
composition together, including the residual 
solvent used to activate a binder; and a stabi- 
lizer or neutralizer to retard undesirable chemi- 
cal reactions. Usually the presence of additives 
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lowers the burn rate and the amount of lowering 
increases with increasing percentage of addi- 
tives. This can be the result of raising the effec- 
tive activation energy, lowering the heat of re- 
action, or both. 


To see how an additive can act to raise the 
activation energy of a pyrotechnic composition, 
consider the case where sodium bicarbonate is 
added to a glitter composition as a delay agent. 
The sodium bicarbonate decomposes, consum- 
ing energy and releasing carbon dioxide, at its 
decomposition temperature (7, = 270 °C), This 
is below the ignition temperature (7;) of the 
composition, which is probably approximately 
350 °C. As a tiny portion of the glitter composi- 
tion is heated, (see Figure 8) initially the tem- 
perature of the composition rises. However, 
when the temperature reaches 270 °C, the so- 
dium bicarbonate begins to decompose, con- 
suming energy, thus keeping the temperature 
from rising further. After all of the sodium bi- 
carbonate has decomposed, the temperature will 
again rise. At the ignition temperature, the tem- 
perature rises very quickly as burning begins. 
Since more energy is required for the composi- 
tion to reach its ignition temperature, the activa- 
tion energy is higher. As a consequence, more 
time is required for each tiny portion of compo- 
sition to reach its ignition temperature (i.e., the 
burn rate is lower). (Note that the driving off of 
residual water in a pyrotechnic composition acts 
in much the same way as the above example.) 


Additive 


Sample Temperature 


Elimination 


Heating Time 


Figure 8. How an additive can act to raise the 
activation energy of a composition. 
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A quantity of rough Black Powder was pre- 
pared by wet mixing, drying, and grinding to 
—100 mesh. A series of samples were made that 
contained various amounts of sodium bicarbon- 
ate. Each sample was burned by igniting a loose 
1 gram pile with a hot wire on the side of the 
pile about half way to the top. The time for 
complete burning was recorded. The result of 
the addition of sodium bicarbonate on mass 
burn rate is shown in Figure 9. The value for 
the mass burn rate for the samples with 20% 
sodium bicarbonate is uncertain because the 
samples generally would not burn completely. 
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Figure 9. Mass burn rate for rough Black 
Powder with sodium bicarbonate added. 


As an example of how an additive can act to 
lower the heat of reaction of a pyrotechnic com- 
position, consider the addition of barium car- 
bonate to neutralize trace amounts of acid pre- 
sent in a pyrotechnic composition, or strontium 
carbonate to act as a color agent. The carbonate 
is neither oxidizer nor fuel, and thus does not 
produce energy upon burning of the pyrotech- 
nic composition. Accordingly, on a weight for 
weight basis, the composition produces less 
energy. In addition, as the composition burns, if 
the decomposition temperature of the carbonate 
is higher than the ignition temperature, it will 
consume energy reducing the heat of reaction 
still further. (The decomposition temperatures 
for strontium carbonate and barium carbonate 
are 1340 and 1450 °C, respectively.) 


While most additives to pyrotechnic compo- 
sitions lower the burn rate, it is sometimes pos- 
sible for an additive to increase the burn rate of 
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a pyrotechnic composition. When this is the 
case, it is generally the result of increasing the 
heat of reaction and/or improving the efficiency 
of energy feedback. The use of a small amount 
of a metal fuel is a common way this is accom- 
plished. For example when zirconium is added 
to ared tracer mix, a significant increase in burn 
rate results,"'"! see Figure 10. This, presumably, 
is the result of both increasing the heat of reac- 
tion (high energy metal fuel) and increasing the 
efficiency of energy feedback (high thermal 
conductivity). 
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Figure 10. Burn rate for red tracer mix with 
zirconium added. 


G) Catalysts 


Catalysts are a special class of additives. 
They are chemical agents that increase the rate 
of chemical reactions, normally without being 
consumed in the process. (In pyrotechnic com- 
positions, the temperatures reached are typi- 
cally so great that the burn catalysts are con- 
sumed.) Pyrotechnically, burn catalysts act to 
lower activation energy, typically by reducing 
the decomposition temperature of the oxidizer 
(i.e., the temperature at which oxygen is made 
available). Red iron oxide, potassium dichro- 
mate, and manganese dioxide are some burn 
catalysts used in pyrotechnics. For example, the 
addition of manganese dioxide to potassium 
chlorate will lower its decomposition tempera- 
ture by 70 to 100°C."'7! A reduction in the oxi- 
dizer’s decomposition temperature, in turn, acts 
to lower the ignition temperature of the compo- 
sition thus increasing its burn rate. How this 
occurs is illustrated in Figure 11. If the addition 
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of a burn catalyst acts to lower ignition tem- 
perature (e.g., from 7;; to 7;), less time will be 
required for each tiny portion of composition to 
be heated to its ignition temperature (i.e., t2 < 
t;). Accordingly, as a stick of pyrotechnic com- 
position burns (Figure 2), less time is needed 
for the ignition of each successive thin disk of 
composition (i.e., the burn rate increases). 
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Figure 11. How a burn catalyst produces an 
increase in burn rate. 


A series of samples were made with potas- 
sium perchlorate containing small amounts of 
potassium dichromate (70% total) and shellac 
(30%). The amount of potassium dichromate var- 
ied from 0 to 4%. A four gram sample of each 
mixture was pressed into a 10 mm diameter 
paper tube, using a constant loading pressure. 
Pairs of tubes with the same mixture were 
burned to determine their average burn rate. 
The results are shown in Figure 12. 


H) Ambient Temperature 


The pyrotechnic burn rate increases as the 
ambient temperature rises, because of a reduc- 
tion in activation energy. In essence, this is a 
consequence of the unreacted composition start- 
ing out closer to its ignition temperature. Ac- 
cordingly, less energy is required to bring it to 
its ignition temperature. This is illustrated in 
Figure 13, where two tiny samples of the same 
pyrotechnic composition are heated to cause 
their ignition. The sample with the higher initial 
temperature (77) requires less time (¢;) to reach 
the ignition temperature (7;) than the sample 
initially at temperature T>. Accordingly, its burn 
rate will be greater. 
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Figure 12. Burn rate of a pyrotechnic 


composition with varying amounts of 
potassium dichromate. 
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Figure 13. The effect of ambient temperature 
on burn rate. 


As part of a study to determine the character- 
istics of visco fuse,''*! a measurement was made 
of the effect of temperature on its burn rate. In 
this study, groups of 10 pieces of 125-mm long 
fuse were cooled or heated to various tempera- 
tures and then burned to determine the effect of 
temperature on their burn rate. The results of 
the study are shown in Figure 14. 


I) Local Pressure 


Gas generating pyrotechnic compositions 
generally produce a flame upon burning. For 
these compositions, the nature and relative posi- 
tion of the flame produced varies as a function 
of local pressure. As the pressure is increased, 
the flame envelope becomes smaller, the flame 
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Figure 14. Burn rate of visco fuse as a function 
of ambient temperature. 
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Figure 15. An illustration of the effect of local 
pressure on a candle flame. 


burns hotter, and it is held in closer proximity 
to the burning surface. This is illustrated in Fig- 
ure 15, which is a representation of a candle 
burning under varying local pressure. As the 
pressure rises, so does the burn rate, because 
the hotter flame, held closer to the burning sur- 
face, increases the efficiency of energy feed- 
back. Although generally not considered to 
burn with a flame, the burn rate for a smoke 
composition (oil red, 50%; potassium chlorate, 
30%; and lactose 20%) illustrates the effect of 
pressure, see Figure 16.'° 


The relationship between burn rate (R) and 
local pressure (P) can be expressed mathemati- 
cally as: 
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Figure 16. Burn rate of a smoke composition 
as a function of local pressure. 


R=a-P (4) 


where a and b are constants that depend on the 
pyrotechnic composition being used. Some val- 
ues for a and 6 are given in Table 4 for burn 
rate in cm/s and pressure in atm. 


Table 4. Pressure Dependent Burn Rate 
Constants for Pyrotechnic Compositions. 


[Composition =| |b [Ref] 
6 


J) Degree of Confinement 


The effect of burning pyrotechnic composi- 
tions under confinement is complicated. How- 
ever, the activation energy is not changed, and 
neither is the heat of reaction, unless signifi- 
cantly different chemical products are formed 
as a result of confinement. Burning of gas- 
producing pyrotechnic compositions under con- 
finement, can be thought of as burning under 
conditions where, until the confining vessel 
bursts, the efficiency of energy feedback is ex- 
tremely high. During unconfined burning most 
of the energy produced is lost to the surround- 
ings as escaping combustion products and ra- 
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diation. However, when the composition is con- 
fined, essentially all of the energy being pro- 
duced is retained and is available to ignite unre- 
acted pyrotechnic material. Also, because the 
gaseous products are retained, there will be the 
effect of pressure accelerated burning, as dis- 
cussed above. Accordingly, confinement can act 
to greatly increase the burn rate of gas-producing 
pyrotechnic compositions, and it would be dif- 
ficult to overstate the effect that confinement 
can have on burn rate. For gas-less pyrotechnic 
compositions, there is considerably less effect 
from confinement. 


K) Physical Form 


The physical form of the pyrotechnic com- 
position can make a great difference in its burn 
rate. Mostly this effects the efficiency of energy 
feedback and was discussed in more detail in an 
earlier article on burn types.) Generally, for 
gas producing pyrotechnic compositions, granu- 
lated compositions (with so-called fire paths) 
have high burn rates; large solid masses of 
composition (with no fire paths) have low burn 
rates; and fine powders, which can experience 
burn type transitions, can have highly unpre- 
dictable burn rates. Of the three feedback mecha- 
nisms, convective energy feedback is the most 
important. For granulated materials, where fire 
paths exist, the hot burning gases produced by 
the reaction can rapidly penetrate between the 
grains into the unreacted composition, igniting 
more material in the process, producing more 
burning gas, penetrating further, in an accelerat- 
ing process. In this way all of the pyrotechnic 
composition can come to be ignited very quickly. 


In an experiment to demonstrate the tremen- 
dous effect physical form can have on burn rate, 
two transparent plastic tubes, 10 mm in diame- 
ter, were filled with Black Powder. In one case, 
loose 2Fg Black Powder was poured into the 
tube; in the other case, meal powder was loaded 
into the tube in small increments and compacted 
under high pressure to form a dense solid mass. 
The compacted material burned at a rate of 
about 10 mm/s; whereas, the granular material 
burned at a rate more than 1000 times greater, 
explosively shattering the open tube. 


Shimizu points out that burn rate is depend- 
ent on the cross sectional dimension of fire 
paths.'*! Both small and large cross sectional 
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areas result in relatively low burn rates; how- 
ever, in between, the burn rate can be very 
much greater. He discusses this using the burn 
rate of quick match as an example. For quick 
match, the fire path is the space between the 
black match core and the loose paper sheath. 
Figure 17, adapted from Shimizu,'°! illustrates 
the effect of varying the gap between the match 
core and the paper wrap. When there is no fire 
path gap, the burn rate is relatively low; then as 
the gap between match and paper increases, the 
burn rate rapidly increases to a maximum value; 
there after, further gap increases result in a low- 
ering of burn rate, back to the value for burning 
in open air. 


Max. Burn Rate 


Open Air 
Burn Rate 


Linear Burn Rate 


Fire Path Gap 


Figure 17. Quick match burn rate as a function 
of fire path gap. 


L) Degree of Consolidation 


Degree of consolidation is sometimes re- 
ferred to as loading pressure and is related to 
the degree of compaction of pyrotechnic com- 
position as it is made into grains or packed into 
a device. The effect of varying loading pressure 
is to change the efficiency of energy feedback. 
However, whether higher loading pressure in- 
creases or decreases the burn rate depends on 
the nature of the pyrotechnic composition. 


If the pyrotechnic composition is gas- 
producing and convective heat transfer is the 
most important mode of energy feedback, then 
high loading pressure generally decreases the 
burn rate by decreasing gas permeability. That 
is to say, even in quite tightly compacted com- 
positions, some fire paths remain. These will 
tend to have small diameters, and will be 
blocked after short distances, but they do aid in 
the convective feedback of thermal energy. As 
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the loading pressure is increased, these residual 
fire paths become thinner and shorter, reducing 
their effectiveness in aiding energy feedback, 
and thus decreasing the burn rate. 


As an example, consider the effect of in- 
creasing loading pressure on the burn rate of 
granular Pyrodex® (HF4) when pressed into 
12 mm tubes.'* (Pyrodex® is a Black Powder 
substitute, based on potassium perchlorate, of- 
ten used in muzzle loading weapons.) Figure 18 
is a graph of the result of increasing loading 
pressure on the average linear burn rate. Meas- 
urements were made using groups of three 
samples at each pressure. Note the significant 
decrease in burn rate. 
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Figure 18. Linear burn rate of Pyrodex” as a 
function of loading pressure. 


Conversely to the above example, if a pyro- 
technic composition produces little or no gas 
upon burning and conductive heat transfer pre- 
vails, higher loading pressure generally increases 
the burn rate. This is because, for such a pyro- 
technic material, added compaction increases 
thermal conductivity, increasing the efficiency of 
energy feedback, and thus increasing the burn 
rate. 


M) Geometry 


Geometric effects are changes in burn rate 
brought about by changes in the size and shape 
of the pyrotechnic composition. For the most 
part, this is the result of small changes in the 
efficiency of energy feedback. For example, as 
the size of a grain of composition increases, a 
slightly greater percentage of the radiant ther- 
mal energy produced during burning is radiated 
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back to heat the burning surface. This is illus- 
trated in Figure 19. In the case shown on the 
left (thin stick of composition), almost all of the 
radiated thermal energy is lost to the surround- 
ings. The case illustrated on the right is an at- 
tempt to consider the effect when a much larger 
block of composition is burned. However, for 
simplicity, only the burning of the same small 
portion (seen to the left) is considered. In this 
case, almost all of the thermal energy radiated 
in a downward angle will strike the surface of 
the composition, thus contributing to the feed- 
back of energy. The effect is to increase the 
burn rate for larger blocks of pyrotechnic com- 
position. In an experiment to demonstrate this 
effect, meal powder was compacted into tubes 
using a constant loading pressure per surface 
area. Two different size tubes were used, with 
diameters of 8 and 16 mm. Four trials of each, 
resulted in an average burn rate for the larger 
sample that was about 10% greater; a small but 
real difference. 


% A Bediated KAA 
“ Thermal 
Energy ——« 
Flame 


<— Composition > 


Figure 19. Radiant energy feedback for blocks 
of pyrotechnic composition. 


Another example of geometric effect is the 
“erosive burning” that occurs along a hole or 
channel running through a grain of pyrotechnic 
composition.”! For erosive burning, energy feed- 
back is very efficient. The flame produced by 
the burning composition on one side of the hole 
jets directly across to feed energy to the compo- 
sition on the other side, and vice versa. 


For purposes of this chapter, geometric ef- 
fect is also taken to include effects such as 
caused by the thermal conductivity of inert ma- 
terials in or surrounding the pyrotechnic compo- 
sition. For example, because of increased ther- 
mal energy feedback, a composition pressed 
into a thin metal tube (or having a metal wire 
internally along its length) will often have an 
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increased burn rate compared with one pressed 
into a paper tube (or without the wire). 


N) Crystal Effects 


Crystal effects include a number of diverse 
effects all relating to properties of the crystal 
lattice. One crystal effect may result from the 
ability to store a small portion of the energy 
expended during milling or grinding in a crystal 
lattice.”! Following the accumulation of this 
lattice energy, there seems to be a temperature 
dependent relaxation time during which the 
stored energy is lost. During the period when 
significant energy remains stored in the crystal 
lattice, the effective activation energy for the 
material is reduced, potentially increasing burn 
rate. Other crystal effects can be the result of 
using materials with different methods of 
manufacture, which produce crystals with dif- 
ferent lattice structures, different numbers of 
defects, and different amounts of trace impuri- 
ties. Still another possible crystal effect, which 
may be important in some transitions from 
burning to explosion, is the piezo-electric ef- 
fect. It is felt by some that this has the potential 
for significantly increasing energy feedback by 
converting compressive pressure forces into an 
electrical ignition stimulus." 


O) Environmental Effects 


Most changes in burn rate that occur during 
storage are the result of the factors discussed 
above. For example, during repeated tempera- 
ture cycles, cracks may be produced in a rocket 
propellant. The resulting (often catastrophic) 
increase in burn rate is indirectly discussed in 
Section K. The crack produces a fire path which 
increases the energy feedback to unreacted 
composition. Similarly, the deterioration of a 
star with a metal fuel, which slowly oxidizes 
during storage, can be thought of in terms of 
additives (Section F). In this case fuel and ox1- 
dizer are being converted to mostly unreactive 
chemical products. Although these types of en- 
vironmental effects can act to change burn rates 
and are important considerations in the storage 
of pyrotechnic materials, they are generally not 
seen as mechanisms to control burn rate. 


There is at least one environmental effect 
that actively controls burn rate; that is the speed 
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Flame 


Stationary Burning Star 


~— 


Burning Star in Motion 


Figure 20. An illustration of the effect of air 
movement past a star. 


of air flow past the burning composition. That 
will affect the fraction of energy being fed back. 
Consider the case illustrated in Figure 20. In the 
case of a stationary star (upper diagram), the 
flame hovers above the star and much of the 
energy is fed back to the burning surface. In the 
case of a moving star (lower diagram), the flame 
will be pushed away from the star by the air 
movement past it. That this occurs is confirmed 
by Figure 21, which is a photograph of a group 
of stars propelled through the air from an ex- 
ploding shell. It is fairly clear that the stars 


Figure 21. High speed photograph of burning 
stars. 
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(dark dots) have their flame envelopes 
(light areas) trailing behind them. The ef- 
fect of this is to reduce the fraction of ener- 
gy fed back, and thereby lowering the burn 
rate. In other cases the effect of a wind over 
the burning surface will be to supply extra 
oxygen for burning, which in some cases 
can act to increase the burn rate. 


Conclusion 


There are two important areas in which a 
better understanding of the factors that control 
burn rate can be especially important. The first 
is when it is necessary to alter the burn rate to 
affect a needed change in the performance of a 
pyrotechnic device. The second is when some 
change occurs in the manufacture or condition 
of a device such that the result is an otherwise 
unexpected change in burn rate. In either case, 
the intended or unintended change in burn rate 
can affect aesthetic performance and more im- 
portant can seriously affect safety. 
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Our Present Knowledge of the Chemistry of Black Powder 
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ABSTRACT 


Black Powder has been around for centuries 
and has had a profound influence on the history 
of the world. Over this time, a considerable 
amount of knowledge has been gained not only 
sheds light on the chemistry of Black Powder 
but also on other pyrotechnic reactions. This 
knowledge cannot be considered complete, in 
spite of all the research that has taken place, 
and this chapter attempts to summarize the pre- 
sent understanding about Black Powder’s igni- 
tion and propagation chemistry. 


Keywords: Black Powder chemistry, ignition, 
propagation, Black Powder research 


Introduction 


From early times, when Black Powder came 
to the attention of the alchemists, researchers 
have wondered and speculated about its explo- 
sive power when ignited. Science has indeed 
come a long way since the mysticism of the 
alchemists and the phlogiston theory of com- 
bustion. Today our understanding of the chem- 
istry of Black Powder’s ignition and propaga- 
tion is far more accurate and precise. 


The speculation of bygone ages has been 
largely replaced with solid knowledge backed 
by solid data. However, there remain, to this day, 
areas of our knowledge about Black Powder 
that are sparse and even virtually non-existent. 
Having been around for so long, and studied so 
extensively, many have concluded that current 
knowledge about its ignition and propagation 
characteristics is virtually complete. This, how- 
ever, is not true. 


This paper attempts to summarize present 
knowledge of the chemistry of Black Powder. 
Specifically it examines the chemistry of igni- 
tion and propagation. 
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Problems Relating to 
Black Powder Research 


Black Powder research has been hampered 
by several factors. Perhaps one of the most im- 
portant of these is the waning interest in its use, 
with Black Powder having been replaced by 
other more efficient explosives and propellants. 
Traditionally Black Powder research (with its 
necessary funding) has been sponsored by the 
military. With declining military use came a 
corresponding decline in research, but not a 
total decline. Black Powder still has certain su- 
perior properties to the more powerful smoke- 
less powers that have largely superseded it. For 
example: in military use, where Black Powder 
has been superseded by newer propellants, it 
still finds uses in fuses and as an initiator of 
other explosive materials. This utilization is 
largely due to its superior ability to produce a 
large percentage of hot solids after ignition. 
These solids are more efficient in igniting other 
substances than hot gases. 


Some might suppose that Black Powder’s 
use as a fuse or an igniter merits less study than 
its uses as explosives and propellants. This 
might be true from a fireworks maker’s view- 
point but not from a military standpoint. Recent 
military research has focused on consistency in 
performance—a goal critical to Black Powder’s 
role in igniting other propellants. 


Another factor influencing the gathering of 
scientific data about Black Powder is its most 
important characteristic, its explosive power. 
To meaningfully study Black Powder’s ignition 
and propagation characteristics, one needs to 
simulate its actual application as closely as pos- 
sible. This means that the Black Powder usually 
needs to burn with explosive force. This force, 
unfortunately, tends to scatter the combustion 
components, making their collection and detec- 
tion difficult. This explosive force is also de- 
pendent on its unique application. Thus far, less 
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explosive force is generated in the tube of a 
fireworks mortar than in a barrel of a gun. 


Lack of standardization has also hampered 
research. Different researchers at different times 
have used different methods of sampling and 
testing. This has resulted in “comparing apples 
with pears” scenarios where data has been mis- 
applied and misinterpreted. The literature fre- 
quently refers to research that took place many 
years ago. And while some of this research may 
be very well documented, its authors and their 
associates are no longer available to share their 
insights through personal correspondence. Thus 
seeking clarification on many of the finer points 
in their research is very difficult, if not impos- 
sible. Again, this can result in “apples and pears” 
scenarios when recent experimental data is 
compared with much older data. 


The Importance of 
Black Powder Chemistry 


What is there to be gained from studying the 
chemistry of Black Powder ignition and propa- 
gation? To many the answer is—not much. 
Where their chief concern is having a powder 
with reasonably predictable explosive charac- 
teristics, many conclude that the study of its 
chemistry contributes little beyond mere aca- 
demic interest. However, a lot can be gained 
from studying Black Powder chemistry. Here 
are a few reasons why such knowledge can be 
advantageous: 


¢ Toxic gases may be formed when Black 
Powder ignites. 


¢ Black Powder still does many unpredictable 
things. 


e Black Powder has certain undesirable char- 
acteristics. 


¢ Tighter control of variables is needed for 
critical applications. 


¢ Knowledge of Black Powder contributes to 
the general pyrotechnics knowledge pool. 


Parameters of this Investigation 


There are many variables involved in both 
the production and utilization of Black Powder. 
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Some of these variables may have a marked 
effect on the resulting chemical reactions when 
Black Powder is ignited. For the purposes of this 
discussion, it is assumed that the Black Powder 
in question has been made by a process that 
optimizes the incorporation of its ingredients. 
These ingredients are also assumed to be: po- 
tassium nitrate (KNO3;), sulfur (S) and charcoal 
(C) in the approximate percentages of 75, 10 
and 15, respectively. Thus other Black Powder 
mixes with different ingredient ratios such as 
those used in gerbs, drivers and rockets are not 
examined here. 


Here and elsewhere in this paper charcoal is 
represented merely as carbon (C). This conven- 
tion is used to both simplify some of the discus- 
sions and to accurately represent the works of 
the various authors quoted. Many of these au- 
thors treated charcoal as pure carbon, ignoring 
its smaller percentages of other elements such 
as hydrogen and oxygen. So charcoal is repre- 
sented just as carbon where deemed appropriate 
and as a complex of carbon and other sub- 
stances where it is helpful to examine charcoal 
in greater detail. 


Although this paper is mainly confined to 
the above-mentioned definition of Black Pow- 
der, it is useful to explore the properties of sul- 
furless Black Powder and Black Powder that 
substitutes sodium nitrate (NaNO;) for potas- 
sium nitrate. Black Powder mixes that do not 
use sulfur give a clearer picture of the impor- 
tance of sulfur in most Black Powder mixes. 
Sodium salts are similar enough chemically to 
potassium salts to merit serious study. In prac- 
tice, sodium nitrate is used in Black Powder 
made for blasting applications. Thus, both sul- 
furless Black Powder and sodium nitrate pow- 
der form part of this discussion. 


Reactions and Combustion Products 


In the early 19" century, Guy-Lussac!"! pro- 
posed that the gases formed by exploding Black 
Powder comprised: 


Carbon dioxide (CO;) 52.6% 
Carbon monoxide (CO) 5.0% 
Nitrogen (N>) 42.4% 
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These results were contested by Piobert!'! but 
the main disagreement appears to relate to gas 
volumes rather than content. Later research con- 
ducted by numerous other researchers shows that 
these conclusions concerning the types of gases 
produced were overly simplistic and that many 
other gaseous products could be formed. Nota- 
ble is the extensive research done by Noble and 
Abel.”! Nevertheless, these later experiments 
showed that the principle gases produced from 
exploding Black Powder are carbon dioxide and 
nitrogen. 


Chevreuil'! conducted experiments with 
Black Powder exploded in a gun barrel and also 
burnt in the open air. These experiments can be 
considered a milestone in our present under- 
standing of Black Powder chemistry, for they 
showed that quite different results are obtained 
when Black Powder is ignited under different 
conditions. Later experiments by Noble and 
Abel”! re-affirmed these results. 


Chevreuil concluded that Black Powder ex- 
ploded in the barrel of a gun reacted according 
to the following equation: 


2KNO; + §+3C 7 
K.S + N.+3CO. = (1) 


Part of Chevreuil’s reasoning points to the 
fact that this formula represents almost exactly 
the proportions found in Black Powder made 
with the 75:10:15 ratios. Substituting the atomic 
masses of KNO3, S and C into the above formula 
gives: 


KNO; 74.8% 
S) 11.9% 
C 13.3% 


This explanation seems to have gained 
enough credibility in certain quarters that even 
more than a century later it was still accepted 
by some. This author has a chemistry textbook"?! 
dated 1936 that accepts the above theoretical ex- 
planation with the above formula modified only 
as follows: 


4KNO; + S2+6C> 
2K,8+2N.+6CO, (2) 


Graham!"'! accepted Chevreuil’s view, and 
expanded on it by proposing that potassium sul- 
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fide (K2S) is converted to the sulfate (K SOx) 
when it is exposed to air. 


Slower burning Black Powder, according to 
Chevreuil, yielded carbon and the following po- 
tasstum compounds: sulfide, sulfate, carbonate 
(K2CO3), cyanide (KCN), nitrate and nitrite 
(KNO)). 


In 1857, Bunsen and Schischkoff published 
a classic paper on Black Powder research.!'! 
This research investigated the nature and pro- 
portions of the permanent gases generated when 
Black Powder explodes and the amount of heat 
generated by this transformation. From these 
experimental data, they deduced theoretically 
the temperature of explosion, the maximum 
pressure in a closed chamber, and the total theo- 
retical work done on projecting a projectile. It is 
worth noting that these findings were theoreti- 
cal in nature, as their experiments did not prop- 
erly emulate the type of conditions typically 
found when Black Powder is exploded in a con- 
fined space. Their experiments were performed 
on Black Powder that was deflagrated by being 
allowed to fall into a heated bulb.” 


From these observations, they concluded that 
the permanent gases represented only about 31%, 
by weight, of the powder and occupied a vol- 
ume of 193 times that of the original unexploded 
Black Powder. Table 1 lists their results.) 


It can be seen from Table 1 that the Black 
Powder used in this experiment was comprised 
ofa slightly different formula than the commonly 
used ratio of 75:10:15. Here the approximate 
ratio is: potassium nitrate 79%, sulfur 10% and 
charcoal 11%. Also worth noting is their repre- 
sentation of charcoal as a substance comprising 
not only carbon, but also hydrogen and oxygen. 


Berthelot!" derived the following equation 
based on Bunsen and Schischkoff’s investiga- 
tions: 


16 KNO3 + 68 + 13C > SK,SO, + 
2K,CO;+K,8+8N,+11CO, (3) 


He then developed the first theory about the 
explosion of Black Powder. Here he drew ex- 
tensively on the experimental work of Bunsen 
and Schischkoff. Berthelot’s theory assumes two 
limiting cases for the decomposition of Black 
Powder. 
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Table 1. Results of the Bunsen and Schischkoff Experiments.””! 


Powder 


In Berthelot’s first case, KxCO; forms the 
chief product of decomposition and K,SO, is a 
by-product. 


In his second case, K,SO, forms the chief 
product of decomposition and K,CO; is a by- 
product. 


In the first case, the decomposition proceeds 
according to the following three equations: 


2KNO;+S+3C> 
KS +3CO.+N> (4) 


2KNO; +$+3C> 
K,CO; + CO, + CO +N, +S (5) 


2KNO; + S + 3C > K,CO;+ 
15CO.+05C +S +N (6) 


Berthelot further proposed that the above 
occurred in the ratios of 1/3 for equation 4, 1/2 
for equation 5, and the remaining 1/6 for equa- 
tion 6. 


In the second case, the decomposition pro- 
ceeds according to equations 4 and 6 above plus 
the following two equations: 


2KNO; + §+3C > 
K,SO, + 2CO+C+t+N) (7) 
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2KNO3;+8+3C7> 
K,SO4,+CO,+2C+N, = (8) 


And the above are supposed to occur in the 
proposed ratios of 1/3 for equation 4, 1/2 for 
equation 6, 1/8 for equation 7, and the remain- 
ing 1/24 for equation 8. 


A different conclusion was reached by De- 
bus!"! who concluded that Black Powder burns 
in a two-stage process. In the first stage, oxida- 
tion occurs according to the following exother- 
mic reaction: 


10 KNO; + 38 + 8C > 2K,CO;+ 
3 K,SO4 + 6 CO, +5N> + 
979 kcal (4096 kJ) (9) 


The resulting products are then reduced accord- 
ing to the following endothermic reactions: 


K,SO, + 2C > KS + 2CO, + 
—58 kcal (-242.7kJ) (10) 


CO, + C > 2CO + 
38.4 kcal (-160.6 kJ) (11) 


The resulting potassium sulfide may further 
undergo the following reactions: 


K»S + CO, + HO > KCO; + HS (12) 
KS + CO, + 0.50; > K,CO; +S (13) 
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A part of the unburned potassium sulfide and 
sulfur gives K,S,. 


Much later Kast'"! derived the following equa- 
tion: 


74 KNO; + 30S + 16 Ce6H20 (charcoal) > 
56 CO, + 14CO + 3 CH, + 2H2S + 
4H, Tv 35 No + 19 K,CO; mor, 
7 K,SO,4 + 2 KS +8 K,S,03 + 
2 KCNS + (NHg)2.CO; + C + S + 

665 kcal/kg (2782 kJ/kg) (14) 


From the foregoing, a somewhat confusing 
picture emerges concerning the chemical reac- 
tions (with resulting products) that occur when 
Black Powder is ignited. While it is tempting to 
give more credibility to chemical equations de- 
rived by more recent research, due caution should 
be exercised here. The number of resulting vari- 
ables, after ignition occurs, precludes chemical 
equations that will be true under all ignition 
conditions. 


Ignition conditions vary widely in practice 
from high-pressure ignition that occurs in guns 
(of both large and small caliber) to lower pres- 
sures found in fireworks applications such as 
mortars, Roman candles and mines. Environ- 
mental factors such as temperature and relative 
humidity might also come into play. Noble and 
Abel”! found so many variations in their experi- 
ments that they concluded that no value could 
be attached to a general chemical expression 
relating to the burning of Black Powder. So 
there is no “one true formula” for the chemical 
reaction that occurs when Black Powder is ig- 
nited. Thus, any formula presented should be 


Table 2. Analysis of Black Powders (circa 1875).?! 


Potassium | Sulfur | Charcoal | Water 
Nitrate (%) (%) (%) (%) 


Pebble Powder 
Rifle rarge: grain 


Austrian Cannon Powder 
Austrian Small Arms Powder 
Cannon Powder 

Russian Powder 
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treated as an approximation of what happens 
when igniting Black Powder. 


Another consideration is some variation in 
the formula used in Black Powder manufacture. 
While the traditional Waltham Abbey ratio of 
75:10:15 can be regarded as a standard, some 
variations do occur in practice. Propellant pow- 
ders used by the military and in fireworks usu- 
ally stick quite closely to the 75:10:15 ratio. 
(This is illustrated in Tables 2 and 3). 


Note that in Table 2 the percentage value of 
potassium nitrate includes tiny percentages of 
impurities such as potassium sulfate and potas- 
sium chloride. 


The data in Tables 2 and 3, gathered approxi- 
mately a century apart, indicate that the 75:10:15 
ratio has been fairly closely adhered to, espe- 
cially with the more modern powders. This is not 
only true for Black Powder produced in Britain 
and the USA, but for Black Powder manufac- 
tured elsewhere as well. For example, Shimizu”! 
gives an analysis of Japanese Black Powder con- 
taining 74.20% potassium nitrate, 9.62% sulfur, 
and 16.18% charcoal. 


However, much variation exists in powders 
used for blasting. Here, not only do the ratios of 
the three principal ingredients differ, but also it 
is common to find additional ingredients in such 
powders. Blasting powders also tend to substi- 
tute sodium nitrate for potassium nitrate and 
some use both oxidizers. Substitutes for char- 
coal are also found in some blasting powder 
formulas. Tables 4 and 5 show some of these 
variations. 
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Table 3. Analysis of Black Powders (circa 1975)."! 


Potassium | Sulfur | Charcoal | Water Ash 
Description Nitrate (%) (%) (%) (%) (%) 


Further consideration should be given to other 
variations in manufacture such as the degree of 
incorporation and the resulting density of the 
powder. Also, a major factor that often is not 
given the consideration it deserves is the type of 
charcoal used. 


Charcoal’s Significant Influence 


While little variation is found in potassium 
nitrate of high purity and minimal variation in 
sulfur, significant differences can be found in 
the different charcoals used in Black Powder. 
These differences can be largely attributed to 
the fact that charcoal is derived from organic 
matter, this matter being either animal or vege- 
table in origin. Black Powder appears to have 
been made exclusively with vegetable charcoal. 
Any possible experiments with animal charcoal 


Table 4. Blasting Powder Compositions (Potassium Nitrate Based).!"! 


KNO3 
Description % 


| Slow Blasting (French) 
| No. 1 Blasting (German é and Polish) 
No. 1 Bobbinite 


NaNO3 
Description % 


No. 2 Black Blasting 


KNO3 instead 
of NaNO3(% % % 


Sulfur Charcoal Ammonium Sulfate and 
% % Copper Sulfate (% 


Strong Blasting (French) mmf nt Pan nmiet Orpen 


17-19.5 


18.5-20.5 


Sulfur | Charcoal or substitutes 


10-16 
15-17 
15-19 of coal-tar pier: 
10-16 of lignite. ti 
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are not on record, at least not in any prominent 
literature in the English language. And even if it 
could be proven that certain animal charcoals 
exhibited superior properties, cost and other 
practical considerations would preclude their 
use in Black Powder. 


The two most influential variables in char- 
coal are: 


¢ The type of material from which the char- 
coal is derived. 


e The method used to make the charcoal. 


Charcoal Varieties 


Given the abundant variety of vegetable 
matter in existence, the potential exists to create 
an endless variety of charcoals. In practice, 
Black Powder manufacturers have focused on 
materials that were readily available and suit- 
able for Black Powder manufacture. Typically, 
softer woods such as willow, poplar and alder 
have been used. Specifically the “white wood” 
from such sources is preferred.!"! 


In willow trees alone, many different species 
exist throughout the world. Even within the 
same species of willow, variations in its wood 
exist due to such factors as weather, soil condi- 
tions, the age of the tree, and the part of the tree 
from which the wood is taken. 


Research on maple charcoal has also indi- 
cated that differences in charcoal properties can 
exist even within batches of charcoal obtained 
from the same supplier.'*! 


Table 6. The Effect of Carbonization Temperature on Charcoal’s Chemical Composition." 


Yield | Composition of Charcoal (%) 


Carbonization Charcoal 
Temperature (°C) Color 


280-300 
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Charcoal Manufacture 


Different methods of charcoal manufacture 
can impart different properties to the charcoal. 
Even variations in the same method can yield 
different results. For example, charcoals pro- 
duced at lower temperatures retain meaningful 
percentages of volatiles. Higher temperatures 
drive these volatiles out of the charcoal. Exces- 
sively high temperatures can cause the charcoal 
to transition into graphite. 


For centuries, charcoal used in Black Pow- 
der was made using traditional methods such as 
igniting a large pile of wood and then covering 
it with earth to exclude oxygen from the air. 
Typically, a kiln was used, consisting of a pile 
of wood covered with earth or other material. 
Modern variations use metal covers and are 
more efficient.'” But these are still not optimal 
for charcoal used in Black Powder. At the end 
of the 18" century, an Englishman, Richard 
Watson, invented a new method that revolution- 
ized charcoal manufacture.! This method used 
metal cylinders that were filled with wood and 
sealed prior to heating. Ballistic tests on Black 
Powder made with this charcoal showed an in- 
crease in range of about 60%. 


Temperature Considerations 


The temperature at which charcoal is made 
has a very large influence on the temperature at 
which it burns. This property of charcoal was 
explored by Violette in 1848.''*! Violette pre- 
pared charcoals in a retort, using different types 
of wood, and subjecting the woods to different 
temperatures of carbonization. Violette’s work 
was a milestone in research on the properties of 
charcoal. Some of his findings are reflected in 
Tables 6 and 7. 


| 
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Table 7. The Relationship between 
Carbonization Temperatures and Ignition 
Temperatures." 


Carbonization Ignition Temperature 
Temperature (°C) (°C) 


432 400 (approx.) 


Thus, Black Powder made with charcoal car- 
bonized at lower temperatures will ignite at lower 
temperatures, and it burns at lower temperatures. 
This could be advantageous or disadvantageous, 
depending on the application. Typically, blast- 
ing powders are designed to burn at lower tem- 
peratures. Highly carbonized charcoal tends to 
absorb moisture less readily than less carbonized 
charcoal. Thus, certain tradeoffs exist in charcoal 
made for Black Powder manufacture, and thus 
it is wrong to describe any charcoal as ideal. 


Volatiles 


Volatiles in charcoal noticeably affect the 
burn rate of Black Powder. Generally, it is de- 
sirable to use such charcoal rather than charcoal 
where the volatiles have been driven out. Sassé'°! 
determined that a 25% volatile content was 
about the optimal amount for Black Powder use. 
This figure came from his own research, which 
correlated with research done by others who are 
referenced in his paper.'*! 


Charcoal Variations 


The many variations in charcoal have influ- 
enced research by the US military. Notable is 
the research done by Rose’! at the Naval Ord- 
nance Station at Indian Head, Maryland and by 


Table 8. Chemical Characteristics of Roseville Maple Charcoal. 


Sassé at the US Army Ballistic Research Labo- 
ratory, Aberdeen Proving Ground, Maryland. 
Both research projects aimed at producing more 
uniform powders by establishing more exacting 
standards for charcoal. Rose’s research com- 
pared charcoal a from different species of 
trees, while Sassé!*! focused on maple charcoal. 
Even within the narrower confines of Sassé’s 
research, notable variations in properties were 
found between charcoal samples. One example 
is the variation in volatile content of between 
21 and 29%. Sassé concluded that the proper- 
ties could vary even between different samples 
in the same lot obtained from a single supplier. 
He suggests that these variations are due to 
variations in the wood used and differences in 
temperature in different parts of the kiln. His 
proposed solution to this problem is to pre- 
blend such charcoal to obtain a more predict- 
able Black Powder. 


Chemical Analysis 


Charcoal should never be regarded as pure 
carbon, but rather as an organic hydrocarbon 
complex. Just as there is no one true equation for 
Black Powder’s chemical reaction, there is no 
one true formula for charcoal. Again, some au- 
thors of textbooks and technical papers have 
erred here. The formula for charcoal depends 
on which charcoal it is meant to represent. Of- 
ten this representation is approximate and not 
exact. Table 8 shows that even charcoal ob- 
tained from the same type of wood may have 
variations in chemical content. 


The data in Table 8 is extracted from ex- 
periments conducted by Sassé!*! in trying to 
determine the characteristics of maple charcoal. 
These data demonstrate that noticeable differ- 
ences in chemical composition are to be found 
in charcoal made with the same type of wood. 


[6] 


Black Powder Chemistry 


Chapter 6 — Page 8 


Pyrotechnic Chemistry 


These values, however, are close to the empiri- 
cal formula of CsH,O. Sassé!!”! also refers in a 
later paper to other empirical formulas for char- 


coal: 


* C14.57H7.1701.00 
* Cg .68H4.96O2.00 


Charcoal Substitutes 


Charcoal substitutes have been investigated 
by researchers seeking Black Powder with 
characteristics that are more predictable. Nota- 
ble is the research conducted by Wise, Sassé 
and Holmes,!'"! which was followed by research 
done by Weber.!'?! Many different crystalline 
organic compounds were tested by Wise, et al., 
who concluded that some of these compounds 
showed promise as viable alternatives for char- 
coal. Their research, however, did not exhaus- 
tively test the properties of the powders pro- 
duced, and they concluded that such tests were 
necessary before claims of a viable charcoal 
substitute could be considered conclusive. 


Weber focused on a process that used phe- 
nolphthalein as a charcoal substitute, with prom- 
ising results. His findings, however, were not 
subjected to all the test criteria outlined by 
Wise, et al!" 


None of these findings has resulted in a large- 
scale commercially viable production process. 
Possibly the cost of alternate substances such as 
phenolphthalein is in itself prohibitive. How- 
ever, there may be niche applications of these 
alternate formulations where cost and large- 
scale manufacture are not major factors. 


The foregoing discussion focused on the re- 
sulting products produced when Black Powder 
is ignited and its ignition allowed to go to com- 
pletion. While some of this discussion has in- 
volved intermediate reactions in the combustion 
process, it has not attempted to explain the igni- 
tion process itself (i.e., what happens when heat 
of sufficient intensity is applied to the powder, 
causing it to ignite). 
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The Ignition Process 


The following discussion examines the igni- 
tion process itself. 


Principal in importance in Black Powder ig- 
nition is its oxidizer, potassium nitrate. Here, as 
with other oxidizers, potassium nitrate supplies 
oxygen to the reaction. This oxygen, if supplied 
with sufficient heat, causes the two other com- 
ponents to burn. Given the right combination of 
the ratios of the ingredients and an efficient 
method of manufacture, the resulting Black 
Powder will burn very rapidly. This rapid burn- 
ing makes it useful as an explosive or propel- 
lant. 


While the potassium nitrate supplies most of 
the oxygen to the reaction, a small percentage 
of oxygen is contributed by the charcoal and 
also possibly by the atmosphere. Charcoal itself 
contains oxygen atoms in its chemical composi- 
tion and may contain absorbed oxygen and 
other atmospheric gases. 


Ignition Phases 


Although Black Powder ignites very rapidly, 
its ignition can be separated into several distinct 
phases. The most important phase is the de- 
composition of the potassium nitrate, which is 
preceded by a pre-ignition phase. This decom- 
position of the potassium nitrate is essential for 
it to yield its important oxygen component to 
the process. The decomposition starts with the 
melting of the potassium nitrate. 


Potassium nitrate melts at 334°C. Its coun- 
terpart, sodium nitrate, used in various blasting 
powders, melts at 307°C. This suggests that 
sodium nitrate powders ignite at lower tempera- 
tures, which indeed they do. Interestingly, a 
eutectic mixture of potassium nitrate and so- 
dium nitrate melts at 220 °C."! 


Experiments performed by Hoffmann!"! have 
shown, however, that the Black Powder ignition 
process begins at a much lower temperature. 
This is due to the influences of the charcoal and 
sulfur. An important factor here is the melting 
point of sulfur, which is about 115 °C. Thus at 
about 150 °C, molten sulfur reacts with hydrogen 
to form hydrogen sulfide (H2S). This H,S then 
reacts with the KNO; to form potassium sulfate 
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(K2SO,). This reaction generates heat, causing 
the KNO; to melt. This process is often referred 
to as the pre-ignition process. 


Sulfur’s Importance 


The importance of sulfur has been demon- 
strated in experiments performed by Hoffmann"! 
These experiments showed that sulfur did the 
following: 


- Facilitated an increase in the quantity of 
gases evolved on explosion 


¢ Reduced initial decomposition temperature 
and temperature at which explosion oc- 
curred 


e Intensified the sensitiveness of mixtures to 
impact 

e Counteracted the formation of carbon 
monoxide 


The above conclusions were drawn in part 
from some of Hoffmann’s following experimen- 
tal data: 


¢ Potassium nitrate ignited with carbon pro- 
duces only K,CO3;, but in the presence of 
sulfur produces CO, K,SO, and K,S. 
Thus, more gases are created by exploding 
Black Powder that contains sulfur than 
Black Powder that does not. 


e A mixture of two moles of KNO; and three 
moles of carbon (charcoal with a 71% car- 
bon content) begins to decompose at 
320°C and explodes at 357°C, while a 
mixture of two moles of KNO; and one 
mole of sulfur begins to decompose at 
310 °C and explodes at 450 °C. A mixture 
of KNO; with both sulfur and charcoal 
yields both lower decomposition and ex- 
plosive temperatures as shown in an ex- 
periment where a mixture of two moles of 
KNO;3, one mole of sulfur and three moles 
of carbon begins to decompose at 290 °C 
and explodes at 311°C. This latter ex- 
periment is very significant in that it shows 
that sulfur does not only reduce decompo- 
sition and explosion temperatures, but it 
greatly narrows the gap between initial de- 
composition and explosion temperatures. 
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¢ Sulfur increases the sensitiveness of Black 
Powder mixes to impact while carbon (char- 
coal) reduces it. This is shown by the fol- 
lowing experimental data. A 2kg mass 
dropped from 45—S0 cm caused a mixture 
of KNO; and sulfur to explode while a 
mixture of KNO; and charcoal was unaf- 
fected. A mixture of KNO3 with both sul- 
fur and charcoal exploded when a 2 kg 
mass was dropped on it from a height of 
70-85 cm. 


Hoffmann"! also concluded that sulfur coun- 
teracts the formation of carbon monoxide when 
Black Powder explodes and also has an impact 
on the amount of potassium cyanide (KCN) gas 
produced. This is because the addition of sulfur 
causes K,SO, to be formed in addition to K,CO3. 
Thus, the amount of potential K,CO; is reduced. 
The formation of K,CO; causes both carbon 
monoxide and potassium cyanide to be formed 
as follows: 


K.CO; + 2C > 2K +3CO (15) 
2K +2C +N, > 2KCN (16) 


The decomposition of K,SO, does not result 
in either carbon monoxide or potassium cyanide 
gases forming, as shown in the following equa- 
tion: 


K,SO, + 2C > KS + 2 CO, (17) 


The importance of sulfur in Black Powder is 
further emphasized by experiments in trying to 
find a substitute for charcoal. Such experiments 
were conducted by Wise, et al.''" Their re- 
search demonstrated that sulfur has a profound 
effect on combustion when phenolic materials 
were used as charcoal substitutes. However, 
their experiments did reveal opposing trends 
when different types of phenolic materials were 
used. For example, quinizarin and anthraflavic 
acid both produced more rapid burning powders 
with the absence of sulfur. Other polyphenols 
exhibited the opposite trend but to a lesser de- 
gree. These data challenged the perceived im- 
portance of the sulfur being reduced by organic 
compounds and strengthened the hypothesis 
that the influence of sulfur is more marked in its 
role in the flame-spread rate after ignition oc- 
curs. Wise, et al. concluded that this hypothesis 
needs to be explored further using both charcoal 
and charcoal-substitute mixes. 
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Sulfurless Black Powder 


No discussion about the role of sulfur in 
Black Powder would be complete without ex- 
amining useable Black Powder that does not 
contain any sulfur. Here the term “useable” de- 
notes Black Powder that performs adequately as 
an explosive, propellant or igniter. Probably the 
most famous type of sulfurless Black Powder 
was the so-called “Cocoa” powder, which used 
incompletely carbonized charcoal. This char- 
coal, known as “Cocoa” or “Red” charcoal, was 
typically manufactured at a temperature of 140— 
175 °C. It had a carbon content of 52-54%, 
which is much lower than other charcoals used 
in Black Powder. Its major drawback was its 
sensitivity to friction, which easily ignited it. 


A stoichiometric mixture of sulfurless Black 
Powder comprises 87.1% potassium nitrate and 
12.9% charcoal. The decomposition occurring 
after ignition can be represented theoretically as 
follows: 


4KNO; + 5C > 
2KsCO; + 2N2+3CO, (18) 


In practice, sulfurless Black Powder mix- 
tures are generally not used for propellants, but 
rather as igniters. These have a potassium ni- 
trate content of between 70-80% and a charcoal 
content of between 20-30%. Some “sulfurless” 
powders actually do contain a small percentage 
(about 2%) of sulfur, which is far below the 
normal percentage. 


Binary Mixtures 


Blackwood and Bowden!" made extensive 
studies on the ignition of Black Powder and 
also on the following binary mixes: 

* potassium nitrate + sulfur 


e sulfur + charcoal 


¢ potassium nitrate + charcoal 


Amongst their findings, they concluded that 
ignition could take place as low as 130 °C, de- 
pending upon the pressure to which the Black 
Powder was subjected. They also confirmed the 
importance of having charcoal with the right 
constituents. In their opinion, it was advanta- 
geous to remove the constituents that could be 
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dissolved with organic solvents. This, they said, 
made ignition easier and gave a faster burn rate. 


Blackwood and Bowden formulated the 
mechanism for Black Powder’s ignition and 
subsequent burning reactions. Accordingly, sul- 
fur reacts first with the organic substances in 
the charcoal: 


S + organic compounds > HS (19) 


Potassium nitrate reacts almost simultaneously 
with these organic compounds: 


KNO; + organic compounds > NO, = (20) 
The following reactions may also occur: 
2KNO;3 + S > K,SO, + 2 NO (21) 


KNO; + 2NO > 
KNO, + NO + NO, (22) 


H»S + NO. > H,O + § + NO (23) 


This last reaction proceeds until all the H.S 
is consumed. The remaining NO, then reacts 
with the unconsumed sulfur according to the 
following reaction: 


2NO, + 2S > 280, + Np (24) 


The SO, formed in the above reaction may then 
immediately react with the KNO; as follows: 


2 KNO; + SO. > K,SO,z + 2 NO2 (25) 


Reactions 23 and 24 are endothermic while 
reaction 25 is strongly exothermic. Reactions 
19 to 25 constitute the ignition process. 


Blackwood and Bowden concluded that the 
chief reaction is the oxidation of charcoal by 
the potassium nitrate. This is when the Black 
Powder starts to burn. 


Flame Spread Rates 


The flame-spread rate of Black Powder is 
firstly dependent on the solid salts produced 
after ignition has commenced. These tiny hot 
pieces of solid matter are driven into the sur- 
rounding Black Powder, causing it to ignite and 
the flame to spread until all the powder is con- 
sumed. While the production of solid hot parti- 
cles produced by different chemical reactions is 
an important factor in Black Powder’s flame 
spread characteristics, other physical attributes 
are also important. 
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Many processes have been tried over the 
centuries to improve and control the flame- 
spread attributes of Black Powder. Essential to 
these attributes is the process of granulation or 
coming where the Black Powder is formed into 
solid grains. Recent research on the influence of 
physical properties on the burn rate has been 
done by Sassé!'*! and also by White and Horst.!"*! 
Sassé’s research showed flame spread to be 
dependent on density, surface area and free 
volume. White and Horst found that grain posi- 
tion and the ability of grains to move was im- 
portant. 


Thus, the flame-spread rate of any sample of 
Black Powder is dependent both on the chemi- 
cal reactions that take place and on the physical 
attributes of the powder grains. 


The Influence of Moisture 


Most Black Powder contains some moisture, 
and this property does have an effect on the 
powder’s ignition and explosive properties. 
Nearly every Black Powder manufacturing pro- 
cess uses water, some of which remains in the 
powder. Black Powder may also absorb mois- 
ture from the atmosphere. There remains a cer- 
tain amount of controversy as to whether a cer- 
tain small percentage of moisture aids ignition. 
The author’s own observations indicate that it 
might. Some have made similar claims that 
have been refuted by other authorities. Shi- 
mizu"! refers to an optimal moisture content of 
about 1%, but this statement in itself appears 
based more on hearsay rather than empirical 
evidence from experimentation. 


Where there is agreement, is the fact that 
moisture does have an effect and that variations 
in moisture content do produce variations in 
ignition. So, where uniformity in performance 
is critical, the challenge is to find a range of 
moisture content where performance can be 
regarded as sufficiently uniform and then, to 
control this moisture range. 


One suggested range is 0.3 to 0.5%.!'*! Here 
the challenge is to keep the moisture level above 
0.3% while not allowing it to exceed 0.5%. This 
is far more difficult to achieve than merely aim- 
ing at a specified upper moisture limit. 
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The Effect of Aging 


Another area of controversy is the effect of 
aging on Black Powder. Black Powder has 
shown itself to be far less susceptible to aging 
than many other explosives, but the question is: 
Does it actually (like a good wine) improve 
with age? And if it does improve with age, un- 
der what conditions? And why does it improve 
with age? One possibility is that the charcoal in 
the Black Powder absorbs oxygen from the at- 
mosphere over a period of time. Some tests 
have, however, been done on aging Black Pow- 
der. Notable among these are the tests per- 
formed by Kosanke and Ryan!" on US Civil 
War vintage Black Powder (ca. 1865). These 
tests showed that such powder performed very 
well in spite of its age. 


The question of aging is a difficult one to 
answer as the aging process itself, by its very 
nature, takes a long time. A proper objective 
test would be to determine the properties of a 
batch (or batches) of Black Powder and then 
perform the same tests after an aging period. 
Practically speaking, this would be difficult to 
achieve. 


Conclusion 


Over several centuries, a considerable amount 
of knowledge has been gained concerning the 
chemistry of Black Powder. Some of this knowl- 
edge comes from extensive research done under 
tightly controlled laboratory conditions and sup- 
plemented with field research in practical appli- 
cations. But there is still a lot that is not known. 
And there is still a lot to be gained from further 
research and experimentation. 


A big challenge still is in achieving consis- 
tency in performance. Even with modernized, 
tightly controlled manufacturing techniques, 
there is still one major variable in the equa- 
tion—charcoal. Perhaps one day a viable alter- 
native to charcoal will be found, or a method to 
produce charcoal with very tightly controlled 
specifications. 
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Pyrotechnic Primes and Priming 
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ABSTRACT 


If a pyrotechnic item does not ignite when 
intended, it is a failure. It makes no difference 
that had it ignited; it would have produced a 
spectacular display or a life-saving distress sig- 
nal. Primes and priming techniques are impor- 
tant in producing high quality pyrotechnic ef- 
fects, because through their use reliable igni- 
tion can be achieved. 


In this review chapter, after presenting some 
basic information, propagation energy diagrams 
are explained and used to discuss the role and 
manner of functioning of pyrotechnic primes. In 
the course of the discussion, a number of igni- 
tion and propagation problems will be investi- 
gated and solutions demonstrated. The chapter 
concludes with a discussion of some basic prime 
formulations and methods for their application. 


Introduction 


A pyrotechnic prime is a composition ap- 
plied to the igniting surface of the main pyro- 
technic composition, to enhance the probability 
of successful ignition. Figure | illustrates the 
basic manner of use of a prime layer to aid in 
the ignition of an aerial signal flare and a fire- 
works gerb. In the simplest terms, the character- 
istics of a good prime are that: 


¢ It is easily ignited (but not so easy that ac- 
cidental ignition is likely). 

e It generates abundant thermal energy upon 
burning. 


¢ It has an efficient mechanism for energy 
feedback to the unignited composition. 


Before the discussion of primes and priming 
techniques, a review of pyrotechnic ignition and 
propagation is appropriate (for a more complete 
discussion, see reference 1). Following this is a 


Pyrotechnic Chemistry 


Chapter 7 — Page 1 


discussion of propagation energy diagrams of 
the type introduced by Shimizu.'7! 


Pyrotechnic Ignition and 
Propagation 


Pyrotechnic materials are said to exist in a 
“meta-stable” state. That is to say, under normal 
circumstances they are stable (they do not spon- 
taneously ignite). However, once ignited, the 
combustion reaction is self-sustaining, produc- 
ing an excess of thermal energy. Pyrotechnic 
materials do not spontaneously ignite under 
normal conditions because the ignition process 
first requires the input of energy into the com- 
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Figure 1. Illustration of a prime layer on an 
aerial signal flare and a fireworks gerb. 
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position to raise its local temperature. Once ig- 
nited, pyrotechnic combustion reactions can be 
self-sustaining, because there is a net produc- 
tion of energy as the composition burns. This 
two-step energy relationship is illustrated in 
Figure 2, which tracks the internal energy of a 
tiny portion of pyrotechnic composition during 
its ignition and burning. The first step, when 
energy is added to the composition, is seen as 
an increase in the internal energy of the mate- 
rial. Within the formalism adopted for this 
chapter, the minimum energy required for igni- 
tion is called the “activation energy” for the 
pyrotechnic composition and is abbreviated as 
E,. The requirement of an input of energy to 
cause the ignition of a pyrotechnic material, 
allows pyrotechnic compositions to be safely 
made and stored prior to use. If it were not for 
this activation energy barrier, fuels and oxidiz- 
ers would ignite on contact. In the simplest of 
terms, it is possible to think of activation en- 
ergy as the energy needed to raise a tiny portion 
of the material to its ignition temperature. The 
second step in Figure 2, when the burning com- 
position produces energy, is seen as a decrease 
in internal energy. The net amount of energy 
produced during burning is the “heat of reac- 
tion” for the composition, abbreviated as AH, 
(In modern parlance, heat of reaction is more 
properly termed enthalpy of reaction). 


- Activation 
Energy 


Heat of 
Reaction 


Energy 
Out 
(Ignition) (Burning) 


jetties 


Internal Energy 


Reaction Progress 


Figure 2. Changes in internal energy as a 
pyrotechnic composition ignites and burns. 


In terms of chemistry, the process of ignition 
and burning can also be considered as two steps. 
The first step can be thought of as when chemi- 
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cal bonds are being broken between individual 
atoms in the tiny particles of fuel and oxidizer. 
This requires the input of energy (the activation 
energy). Inthe second step, new chemical bonds 
are formed between individual fuel and oxidizer 
atoms forming the products of the reaction. 
This bond forming produces energy which flows 
from the chemical system (the heat of reaction). 
If the new chemical bonds (fuel to oxidizer) are 
stronger than the original bonds, more energy is 
produced than is consumed, and there will be a 
net production of energy. Note that for pyro- 
technic materials, the bonds within fuel and 
oxidizer particles tend to be weaker than the new 
bonds formed during burning, and this is the 
reason these materials produce energy upon 
burning. 


In the simplest of terms, pyrotechnic propa- 
gation can be thought of as continuing self- 
ignition. To illustrate this, consider Figure 3, 
which is a sketch of a stick of burning pyrotech- 
nic composition, and which can be thought of as 
a series of thin disks of material. The composi- 
tion to the far left in Figure 3 has already been 
consumed by burning. The disk designated as 
“reacting” layer has ignited as a result of having 
received its needed activation energy. As this 
layer of material burns it produces energy, most 
of which is lost to the surroundings. However, 
some of the thermal energy produced is trans- 
ferred to the next thin disk, designated as “‘pre- 
reacting” material. If the amount of energy de- 
livered to the pre-reacting layer exceeds its ac- 
tivation energy requirement (i.e., itreceives more 
energy than is required for its ignition) then it too 
will burn. If this process is repeated for each suc- 
cessive disk of composition, the burning will 
propagate through the entire stick of pyrotechnic 
material. 


Unreacted 
Composition 


Consumed Flame 


A Pre-Reacting Material 
Reacting Material 
Figure 3. Burning “propagating” along a stick 
of pyrotechnic composition. 
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It is possible to quantify the requirement for 
propagation in what might be called the “Propa- 
gation Inequality”. Propagation within a pyro- 
technic composition will continue only so long 
as the amount of energy fed back to the next 
layer (E;) exceeds its activation energy require- 
ment 


Ey > Ea (1) 


The amount of energy fed back equals the heat 
produced (heat of reaction) times the fraction of 
that energy being fed back (Fy) 


E,= AH, X Fp (2) 
Thus the propagation inequality becomes 
AH, X Fy > Ea (3) 


So long as the inequality is met, a pyrotechnic 
composition will propagate. However, if any- 
time during its burning, the inequality fails to 
be met, burning will cease at that point. 


There are three mechanisms by which en- 
ergy can be transferred from reacting to pre- 
reacting layers: conduction, convection and ra- 
diation. In conduction, thermal energy, as atomic 
and molecular vibrations, is passed along from 
hotter to cooler regions. The factors maximiz- 
ing conductive heat transfer are those things 
that increase thermal conductivity, for example 
having compacted composition, the use of me- 
tallic fuels, and the presence of metal casings or 
core wires around or within the composition. In 
convection, hot gases penetrate the composition 
along the spaces between grains (generally 
called “fire paths”). The factors maximizing 
convective heat transfer are those things that 
allow for gas penetration, for example having 
uncompacted composition and granulated or 
cracked masses of composition. In radiation, 
thermal energy is passed from hotter to cooler 
regions as long wavelength light (infrared). The 
factors maximizing radiative heat transfer are 
those things that facilitate the emission and ab- 
sorption of thermal energy, for example having 
abundant incandescent particles (solid and liq- 
uid) in the flame and using a dark colored or 
black pyrotechnic composition. 


Given the relationship in equation 3, it is 
clear that the factors favoring propagation are: 
high heat of reaction (much thermal energy pro- 
duced), a relatively large fraction of energy fed 
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back (efficient energy feedback), and low acti- 
vation energy (low ignition temperature and low 
specific heat for the composition). When the 
propagation inequality is just barely met, burn- 
ing proceeds feebly and is easy to extinguish. 
When the inequality is abundantly met, the 
burning proceeds fiercely and is difficult to ex- 
tinguish. 


Propagation Energy 
(Shimizu) Diagrams 


The nature of ignition and propagation prob- 
lems and how priming can overcome these 
problems can be difficult to comprehend. How- 
ever, a qualitative understanding can be facili- 
tated through the use of propagation energy 
diagrams, such as used by Shimizu.!! These 
diagrams are a clever combination of a sketch 
and a graph. See Figure 4. The lower portion of 
the diagram is simply a sketch of a stick of py- 
rotechnic composition as in Figure 3. The com- 
position is shown as initially having a burning 
surface a-b, which has burned to the current 
burning surface a’-b'. Above the sketch is a 
graph of energy as a function of distance along 
the composition. Here the two terms from the 
propagation inequality, equation 1, are charted. 
The energy being fedback, EZ; is shown as a 
dashed line. Activation energy, E,, is shown as 
a solid line. 


Present Burning Surface 
Initial Burning Surface 


Figure 4. Illustration of Shimizu’s Ignition and 
Propagation Energy Diagram. 
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Figure 5. Illustration of varying activation energy requirement for ignition. 


When the process of ignition is discussed, 
the amount of energy (ignition stimulus) being 
delivered to the exposed surface of the compo- 
sition is shown as an arrow from the side, la- 
beled J, in Figure 5. The source of the ignition 
stimulus can take any of several forms. It could 
be direct thermal energy, such as provided by a 
burning fuse. However, it could also be me- 
chanical energy such as from impact or friction, 
or electrical energy such as from an electrostat- 
ic discharge. 


Consider the two cases illustrated in Fig- 
ure 5. In case A, the activation energy required 
for ignition is relatively low, well below the 
amount of energy being supplied by the ignition 
stimulus. In this case, ignition of the composi- 
tion is assured. (For simplicity, the amount of 
energy fed back during burning has not been 
shown.) However, in this case, since the activa- 
tion energy requirement is quite low, it is pos- 
sible that accidental ignition could result from 
unintentionally supplying sufficient energy dur- 
ing the preparation or loading of this composi- 
tion. In case B, the activation energy require- 
ment is quite high and exceeds the level of the 
ignition stimulus. In this case, the pyrotechnic 


composition will not be ignited by this level of 
ignition stimulus. 


In Figure 6, propagation is considered for 
three compositions with varying activation en- 
ergy needs. In each case, it is assumed that the 
ignition stimulus exceeds the activation energy 
requirement and has not been shown. In case C, 
the activation energy needed is greater than the 
amount of energy being fed back (solid line is 
higher than dashed line). Accordingly, even 
though the ignition stimulus is sufficient to 
cause ignition of a small portion of the compo- 
sition, it will fail to propagate once the stimulus 
ends. As soon as the input of ignition energy 
has ended, burning must cease. 


In case D, the activation energy requirement 
is less than in case C. Now, slightly more ener- 
gy is fed back to pre-reacting layers than is 
needed to cause their ignition. Accordingly, 
there will be propagation of burning throughout 
the length of composition. However, because 
there is only a slight excess of thermal energy 
being fed back, the burning will be feeble and 
the flame will be relatively easy to extinguish. 
In case E, there has been a further reduction of 
the needed activation energy, with a relative 


Figure 6. Illustration of the effect of varying activation energy on propagation. 
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abundance of energy being fed back to pre- 
reacting layers. As a result, propagation is as- 
sured and burning will proceed vigorously. 


Basic Priming Situations 


The role of a pyrotechnic prime is to help 
assure the ignition of the main pyrotechnic 
composition. Consider the situation illustrated 
in case F of Figure 7. For the purpose of this 
example, the pyrotechnic composition might be 
for a signal flare or a fireworks star. Based on 
what was discussed above, if this composition 
were successfully ignited, it would propagate 
successfully and burning would be fairly vigor- 
ous. (Ample energy would be fed back, Ey, 
compared with that needed for propagation, E,.) 
However, the level of ignition stimulus, J,, is 
not sufficient to accomplish ignition, it is less 
than £,,. In this case it is irrelevant how well the 
item was capable of functioning had it ignited, 
since it does not ignite. 


Figure 7. Illustration of how priming aids 
ignition. 


Now consider case G, this has the same main 
composition and ignition stimulus as in case F. 
However, a prime layer has been included (thick- 
ness exaggerated). Note that the activation en- 
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ergy requirement for the prime is less than that 
of the main composition. Accordingly, the igni- 
tion stimulus is now sufficient to achieve igni- 
tion of the prime. Further, the prime will suc- 
cessfully burn to the interface with the main 
composition, Ey is greater than E,, (the sub- 
script “p” denotes the prime composition). At 
the interface between the compositions, burning 
continues because the energy supplied by the 
prime, Ey, also exceeds that needed for ignition 
of the star composition, £,. In this case, the use 
of a layer of prime was successful in causing 
the ignition of the main (star) composition. 


There are many times when different pyro- 
technic compositions are in contact and when 
successful performance depends on the burning 
of one composition to successfully ignite the 
next. One example would be in a thermite gre- 
nade, where the delay column must eventually 
ignite the thermite composition. Another exam- 
ple would be in a color changing fireworks star, 
where a burning outer layer of composition must 
ignite the inner star composition. (See Figure 8.) 


Some propagation scenarios are illustrated 
in the diagrams in Figure 9. In case H, burning 
will successfully pass the interface between the 
two compositions because Ey is greater than 
E,2. (The subscripts / and 2 denote composi- 
tions type | and 2.) If the order of the two com- 
positions is reversed, which would be the case 
for a color change from something like willow 
to silver flitter, a situation like the diagram 
shown as case I results. This time the burning 
will not pass through the interface between the 
compositions because E/ does not exceed Ey/. 
The solution to this problem can be to include a 
prime layer between the two star compositions, 
as illustrated in case J. This time the burning 
composition 2 will ignite the prime layer, Ey > 
Eq, and the burning prime will ignite composi- 
tion 1, Ey > Ear. 


Typically for military applications a prime 
will be specially formulated for each use. How- 
ever, in some fireworks applications, it is com- 
mon to create the prime by simply mixing com- 
positions | and 2 in roughly equal proportions. 
When the two compositions are chemically 
compatible, the resulting mixtures tend to have 
an activation energy requirement and energy 
feedback that is approximately midway between 
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Red 


Silver 


Changing Relay 
(Thickness Exaggerated) 


Dark Prime Between Layers 


Figure 8. Illustration of the cross section of color changing fireworks stars. 


the two. (See reference 3 for some information 
regarding pyrotechnic chemical compatibility.) 


Probably the most common use of such 
“composition mixture” primes is in the rolling 
of color changing stars. However, in some in- 
stances the gap between the energy fed back by 
the first composition and the needed activation 
energy of a second composition is too large to 
be reliably spanned through the use of a single 
intervening prime layer. Such a difficulty can 
be overcome simply by using more than one 
prime layer, each formulated to bridge part of 
the gap. In fireworks this can be accomplished 
by varying the ratio of the two compositions in 
the mixture. For example, instead of using 50% 


of each composition, one prime composition 
could use a mixture of 67% of the first compo- 
sition and 33% of the second. This could be 
followed by a mixture of 33% of the first com- 
position and 67% of the second composition; 
such a 2-layer prime is illustrated as case K in 
Figure 9. In principle, the use of successive lay- 
ers of variously formulated primes can be used 
to successfully span any gap between E;and E,. 


In fireworks there can also be aesthetic rea- 
sons for using a special prime between compo- 
sitions of color change stars. (See Figure 8 
again.)These special prime compositions burn 
with the emission of very little visible light and 
may be called “dark prime” or “color change 


Figure 9. Potential successful and unsuccessful burning of pairs of pyrotechnic compositions. 
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relay”. The first aesthetic problem is that when 
the star burns through the interface, for a brief 
time, both compositions will be burning. At 
best this will produce an output that is some 
mixture of the two intended effects, which may 
not appear as a crisp and clean change of ef- 
fects. Further, sometimes neither effect will be 
successfully produced by the mixed burning 
compositions. 


A second aesthetic reason is that as a practi- 
cal matter, it is not possible to make color 
change stars so perfectly and ignite them so 
consistently that all stars burn through the color 
change at the very same instant. Human percep- 
tion is such that a momentary random dimming 
of a collection of burning stars as they are 
changing color is less noticeable than having a 
mixture of stars burning to produce two differ- 
ent colors at the same time. As a result, the ef- 
fect of using a dark prime layer, even when 
there is no need in terms of successful propaga- 
tion, is to create the illusion of a perfectly syn- 
chronized and precise color change. Figure 10 
is an example of a competition grade aerial 
shell burst, in which the stars used a layer of 
dark prime. In this time exposure photograph, 
note the brief periods of no light emission be- 
tween the production of the color and comet 
spark effect. 


Other Propagation Problems 


There are a series of other propagation prob- 
lems that can be visualized through the use of 
propagation energy diagrams. Although not all 
of these are problems that can be solved through 
the use of primes, for completeness, they are 
nonetheless included in this chapter. 


Many pyrotechnic devices are made by add- 
ing solvents to the pyrotechnic composition. 
This may be done to activate a binder, to tem- 
porarily suppress sensitivity to accidental igni- 
tion, to minimize dust production while load- 
ing, or to facilitate compaction of the composi- 
tion. If use of the pyrotechnic device is at- 
tempted while it still contains a significant 
amount of this solvent, there can be a failure of 
the item. The basic reason for this is shown in 
Figure 11, which illustrates the process of rais- 
ing such a composition to its ignition tempera- 
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Figure 10. Demonstration of the use of a “dark 
prime” in a color changing fireworks star. 


ture (7;). As thermal energy is added, at first its 
temperature rises with a slope dependent on the 
rate that energy is supplied and the heat capac- 
ity of the composition. However, when the boil- 
ing point of the solvent is reached, for a period 
of time the temperature remains nearly constant 
because the added thermal energy is being con- 
sumed in the process of evaporating the solvent. 
Once the solvent has been eliminated, the tem- 
perature of the composition again rises toward 
the ignition temperature (7;). Obviously, in this 
case considerably more thermal energy was 
required to reach the ignition temperature of a 
composition containing a solvent. In effect, 
such a composition has a significantly higher 
activation energy requirement, which is de- 
pendent on the amount of solvent it contains. 
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Figure 11. Illustration of the energy 
consumed by vaporizing water from a moist 
composition. 


When a pyrotechnic item that still contains 
some residual solvent is ignited, it can fail to 
burn completely. This can be illustrated using 
Figure 12, which is a simplified propagation 
energy diagram for a pyrotechnic device still 
containing some residual water from the time of 
its fabrication. The outside of the item (toward 
the left), where it is exposed to the air, is shown 
as having dried completely. The inside of the 
item (toward the right) is shown as being moist 
as a result of the water added when it was 
made. In between is a band of composition 
shown as having increasing moisture content. 
When this item is ignited, at first, where the 
composition is dry, it will burn successfully 
because the energy being fedback exceeds its 
activation energy requirement. Burning will 
continue into the zone of increasing moisture 
content, even though the burning becomes more 
feeble as the activation energy requirement in- 
creases. However, when the point is reached 
where £, has risen to equal £,, burning must 
cease. Here, the obvious solution is to use no 
more solvent than necessary and to allow suffi- 
cient time for its substantially complete evapo- 
ration before its use. 
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Figure 12. Propagation energy diagram for a 
progressively moist composition. 


The feedback mechanism for some pyro- 
technic compositions is primarily thermal con- 
duction. These tend to be compositions that 
produce essentially no gaseous combustion 
products, most notably delay compositions used 
in military devices such as hand grenades. For 
such items, a crack through or separation of the 
delay column can result in a failure to propa- 
gate past that point. Figure 13 is a propagation 
energy diagram illustrating the cause of such a 
failure. When the delay column is initiated, at 
first it propagates successfully because Ey ex- 


Figure 13. Propagation energy diagram for a 
delay column with a crack in the composition. 
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ceeds E,,. However, at the point of the crack or 
separation, there will be a substantial decrease 
in the amount of thermal energy being fed back. 
This is because the air gap, even if quite nar- 
row, has significantly reduced the thermal con- 
ductivity. At this point, when Fy falls below £,, 
propagation must cease. 


In fireworks, a somewhat similar propaga- 
tion failure can occur as stars are expelled from 
a Roman candle or hard bursting aerial shell. In 
these cases, propagation can sometimes fail be- 
cause Ey momentarily drops below £,. Fig- 
ure 14 is an illustration of two burning stars. In 
the case where the star is stationary, the flame 
hovers relatively close above the burning sur- 
face of the star. This allows ample opportunity 
for thermal energy to be fedback from the flame 
to the burning surface via radiation. However, 
in the case where the star is moving rapidly 
through the air, the flame will be cooled be- 
cause of greater mixing with air and the flame 
will be deflected away from the burning sur- 
face. In effect, the amount of thermal energy 
being fedback to the burning surface will be 
reduced. Figure 15 is a photograph taken while 
measuring the explosive force of a bursting 
fireworks aerial shell. However, it also docu- 


Stationary Burning Star 


CZ 


Burning Star in Motion 


Figure 14. Illustration of a burning fireworks 
star, when stationary and when moving through 
the air. 


ments the way the flame trails behind moving 
stars. 


Figure 15. Photo and enlargement taken of a bursting fireworks aerial shell demonstrating the way 


the flame trails behind the moving stars. 
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Figure 16. Ignition and propagation energy diagram of unprimed and primed stars as they are 


expelled from a bursting fireworks aerial shell. 


Case N in Figure 16 is a propagation energy 
diagram for an unprimed fireworks star as it is 
expelled from an exploding aerial shell. (Note 
that the amount of star burning before the shell 
burst has been exaggerated.) Initially the star 
ignites and burns because E; exceeds E,. How- 
ever, as the aerial shell bursts, and the star is 
then expelled at high velocity, Ey drops because 
the flame now trails significantly behind the 
star. In this case, because E; falls below E,, the 
star is extinguished. (This effect is sometimes 
referred to as a star being “blown blind”.) After 
the shell bursts, aerodynamic drag acts to 
quickly reduce the speed of the star, and as a 
result, if the star had stayed lit, the flame would 
have moved back closer to its surface. Accord- 
ingly, Ey would increase, soon exceeding FE, and 
approach its initial value. That is to say, if it 
could be arranged to keep the stars lit just after 
the shell burst, the stars would stay lit and burn 
completely. 


Unlike the previous two examples of propa- 
gation failure, this is a case where priming can 
help. In case O of Figure 16, a layer of prime 
(thickness exaggerated) has been applied to the 
star’s surface. In this example, when the aerial 
shell bursts, again there is a drop in the energy 
fed back (E;,). However, because it is a charac- 
teristic of the prime that there is a larger differ- 
ential between Ey, and E,,, this time E,, does not 
fall below the activation energy requirement of 
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the prime, and the prime layer continues to burn. 
If the prime layer is thick enough, such that the 
star slows sufficiently by the time the prime 
layer is depleted, Ey will have risen sufficiently 
that burning will continue and the star will be 
consumed in its intended display. 


Prime Formulations 


The most widely used pyrotechnic primes 
are based on Black Powder. Some typical ap- 
plications help assure the ignition of signal 
flares, fireworks stars and fountains, special 
effect gerbs, and fusing systems. When cost is 
not a major consideration, the Black Powder 
would be commercially manufactured. Where 
the prime is to be pressed into place, any of the 
granulated powders in the range of 20 to 
60 mesh may be used. Where a slurry is to be 
prepared, a fine grained powder such as meal D 
or fine meal will be combined with a suitable 
binder before use. In fireworks, typically a less 
expensive “rough powder” will be used. Rough 
powder is a handmade powder with the same 
basic formulation as Black Powder (see Ta- 
ble 1) but without the extensive mechanical 
processing of Black Powder. As a consequence, 
rough powder has burning characteristics that 
are somewhat inferior to Black Powder, but 
fully adequate for its use as a fireworks prime. 
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Table 1. Prime Formulations (without listing the binder used). 


Enhanced | Potassium 
Perchlorate | Perchlorate Dark Dark 
Based 


Rough 
Powder 


Rough 
Powder 


Potassium nitrate 
Potassium perchlorate 


Ss 


Reference 


iCommon |Kosanke" Kosanke® |Kosanke®) 


Enhanced Alternate 


Based Prime Prime 


Jennings- 
White"! 


(a) These particular formulations were developed in about 1980; however, it is not intended to imply that 
similar or identical formulations had not been previously developed and used by others. 


(b) The amount of silicon powder used can be varied according to the need. Typically 3 to 10% was found to be 


effective. 


(c) Smaller amounts of potassium dichromate (as little as 1 or 2%) are effective in improving the vigor of the 
propagation of this prime. Because of the various serious health hazards associated with potassium 
dichromate," it is advisable to use no more of this chemical than is necessary to accomplish the need. 


There are occasions when the thermal output 
of Black Powder or rough powder may not be 
adequate to reliably ignite the main pyrotechnic 
composition. One such example from fireworks 
is in the priming of some strobe star composi- 
tions. A common method for increasing thermal 
output is the addition of a high energy fuel, 
such as fine mesh aluminum, to the basic rough 
powder prime. The choice of aluminum will be 
effective in increasing the heat of reaction of 
the prime, and there are instances where this is 
sufficient. (The use of fine aluminum also tends 
to increase the light produced, which can be 
aesthetically undesirable.) Fine mesh silicon is 
another fuel that can provide the same increase 
in thermal output and also improve the effi- 
ciency of energy feedback. Upon burning silicon 
forms molten silicon dioxide (glass). This com- 
bustion slag can aid in the conduction of ther- 
mal energy to the yet unignited composition. 


One place that such a high temperature slag 
is particularly effective is where the prime is 
employed to cause the ignition of material that 
is not in direct contact with the prime. An ex- 
ample is the prime applied to a Bickford type 
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fuse on the inside of a pyrotechnic device, in 
which a spray of combustion products from the 
end of the fuse is intended to provide the igni- 
tion stimulus for the device. When silicon is 
used as an additive in the prime, not only will 
additional energy be produced, but also molten 
droplets of glass will be included in the com- 
bustion products. 


The “enhanced” rough powder formulation 
in Table 1 is an example of an energetic slag- 
producing prime. Note that the amount of sili- 
con used in the prime formulation can be ad- 
justed to meet the need. Note further that the 
silicon powder has been added to rough powder 
without reformulating the prime for the maxi- 
mum production of energy. At the time this 
formulation was used, this was mostly done for 
convenience, as a supply of rough powder was 
already available for other applications, and 
various amounts of silicon powder could be 
added to fit the particular need at the moment. 
The lack of necessity to reformulate the prime 
tends to demonstrate the efficacy of the prime. 
However, to some extent, this thermally en- 
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hanced prime may rely on atmospheric oxygen 
for complete combustion. 


There are times when a nitrate-based prime 
such as Black Powder is inappropriate; for ex- 
ample when priming a composition including 
ammonium perchlorate. In this case, when e1- 
ther composition is moistened with water (or 
more slowly by withdrawing moisture from the 
air) a double decomposition (metathesis) reac- 
tion can occur to form the hygroscopic oxidizer, 
ammonium nitrate. When this occurs, the appli- 
cation of the prime may prevent the ignition of 
the device. There are also times when the pres- 
ence of sulfur in a prime can be problematic; 
for example when priming a composition con- 
taining a chlorate. In this case, the chlorate and 
sulfur combination gives rise to concern regard- 
ing the sensitiveness to accidental ignition. A 
prime formulation avoiding the use of both a 
nitrate and sulfur is the potassium perchlorate- 
based prime in Table 1. This prime is useful in 
many applications, but it does not offer the same 
level of burning persistence as Black Powder 
primes. This can result in problems maintaining 
the burning of items moving rapidly through 
the air. When necessary to overcome this prob- 
lem, a fiercer burning prime will result when a 
small amount of the burn catalyst potassium 
dichromate is added to the composition. How- 
ever, because of the health risks associated with 
potassium dichromate,!*! appropriate precautions 
must be employed, and no greater concentration 
of potassium dichromate than necessary should 
be used. 


Finally in Table 1 are two dark prime (color 
change relay) formulations. The first formula- 
tion is fairly traditional. Whereas the second is 
simpler and avoids the use of antimony sulfide, 
which may produce sensitiveness problems 
when priming compositions containing a chlo- 
rate. Another group of prime formulations is 
presented in Table 2 without comment except 
for the table notes. 
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Prime Binding 


In most instances, it is necessary to attach 
the prime composition to something, such as a 
pyrotechnic device or a fuse. To hold the mass 
of prime together and in place on the item, 
some form of binding system must be used. 
Probably the most common method, especially 
for fireworks, is to add a small amount (typi- 
cally about 5%) of an aqueous binder to the 
prime composition. The binder is activated with 
the addition of water; the prime is applied to the 
component being primed and allowed to dry. 
Dextrin (made from corn or potatoes) is the 
most common aqueous binder used in Western 
countries, and soluble glutenous rice starch is 
the most common in the Orient. In the past, 
gum Arabic was also commonly used, espe- 
cially in the manufacture of black match and for 
priming fuses. Recently, several new families of 
aqueous binders with variable thixotropic prop- 
erties are being employed, including polyvinyl 
alcohol (PVA), sodium carboxymethylcellulose 
(CMC), and hydroxyethylcellulose (HEC). For 
these binders, the length of the polymer chain 
(whether manmade or natural) is selected to 
control their viscosity and thus their thixotropic 
properties. Such binders can be useful when it 
is desired to hold the components of a prime in 
suspension in a slurry and retard their settling 
out during use. 


Water activated primes require fairly long 
periods to dry, typically at least several hours 
and potentially even days. The drying period 
must be especially long in some applications, 
such as when there is a chance that water has 
migrated from the prime into the powder core 
of a fuse. To some extent drying time can be 
reduced when a water plus alcohol mixture 
(typically ina 50:50 ratio) is employed. Another 
advantage of a water-alcohol mixture is that 
surface tension is reduced, making it somewhat 
easier to mix the solvent into the prime compo- 
sition and to coat surfaces with the prime. 
However, it is thought that the use of alcohol 
may inhibit the effectiveness of some aqueous 
binders. 
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Table 2. Additional Prime Formulations. 


Starter | Thermite] First | Tracer | Magnalium | Hot Perchlorate 
Mixture | Igniter” | Fire | Igniter | Thermite Prime” 
70 — _ = = = 


Potassium nitrate 
Potassium perchlorate 
Barium peroxide 


Titanium 
Zirconium (60—200 mesh) 


Reference 


Jennings- 
Ellern™ | Ellern' | Ellern'? | Ellern™ : 
Eller” White®™ 


Jennings- 
White"! 


(a) “Sulfurless Black Powder” is typically bound using nitrocellulose lacquer. 


(b) A high thermal output, relatively easily igniting, modified thermite used as an ignition mixture for normal 


thermite. 


(c) An easily igniting, high thermal output prime based on Goldschmidt (thermite) reactions. 


(d) Good resistance to high speeds through the air, used to prime tracers. 


(e) The use of 80:20 magnalium overcomes much of the ignition difficulties of normal thermite, allowing its 


use as a prime. 


(f) Essentially a modification of the potassium perchlorate prime from Table 1| that produces significantly 


greater thermal output. 


With the wider range of chemicals in use to- 
day, and especially with metal fuels, there may 
be concern about the water reactivity of pyro- 
technic compositions. (For more information on 
potentially hazardous chemical combinations, 
see reference 3.) One effective solution to this 
problem is simply to avoid the use of aqueous 
binding systems. When prime formulations al- 
ready contain red gum or shellac, typically as 
fuels, those ingredients can also be employed as 
the binders for these primes. These binders are 
activated with a suitable solvent, most com- 
monly an inexpensive alcohol. Both methanol 
(wood alcohol) and isopropanol (rubbing alco- 
hol) are frequently used. However, methanol 
vapors are hazardous to breathe, potentially 
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producing optic nerve damage,'*! and isopropa- 
nol typically contains up to approximately 30% 
water. Thus the best choice for an alcohol is 
probably denatured ethanol (grain alcohol). 
When compositions do not already contain an 
alcohol activated binder, a small amount of 
such binder can be added to the formulation. 
Probably the most commonly employed non- 
aqueous binding system is nitrocellulose lac- 
quer, usually 5 to 10% nitrocellulose in an ace- 
tone solution. Typically, the drying time for 
nonaqueous binding is shorter than for water 
activated binding systems, and the nitrocellu- 
lose lacquer system is especially fast drying. 
However, some systems, such as red gum acti- 
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vated with alcohol, form a gummy mass and 
can be especially slow to dry. 


All materials, even crystals, are capable of 
plastic flow under the influence of a sufficiently 
high pressure. This plastic flow of material can 
be effective to bind a prime together and to 
other materials. When a pyrotechnic formula- 
tion contains relatively soft materials like shel- 
lac, red gum, asphaltum, or sulfur, the pressures 
required for plastic flow binding are sufficiently 
low as to be readily accomplished by pressing, 
even into paper casings. Obviously, because no 
solvent is involved, no drying time is required 
for plastic flow binding. 


Prime Application Techniques 


Often, especially in fireworks, the main py- 
rotechnic composition is prepared wet, using a 
solvent to activate its binder. If the same sol- 
vent will dissolve the binder in the prime com- 
position, the simplest method of application is 
to apply loose dry prime composition to the 
exposed damp surfaces of the main composi- 
tion. In so doing, some of the solvent will mi- 
grate from the main composition into the prime 
composition thus activating the binder in the 
prime composition. Accordingly, when the item 
dries, some of the prime will then be bound to 
the surface of the main composition. This “dust- 
ing” process can be more thoroughly described 
using the example of “cut stars” in fireworks. 
Cut stars are prepared by first forming amply 
moistened star composition into a “loaf”, which 
is asolid block of hand-compacted composition. 
This loaf is then cut using the equivalent of a 
dull knife, first into slices, and then each slice is 
diced into cubes. To apply the prime to such 
stars, first the work surface is dusted with a thin 
layer of prime composition. When a slice of the 
star composition is cut from the loaf, it is al- 
lowed to fall onto the loose prime composition, 
some of which will stick to its moist surface. 
Then additional prime composition is dusted 
onto the top surface of the slice, to which some 
will adhere. After dicing the slice of star com- 
position into cubes, to the extent practical, 
prime composition is dusted onto the freshly 
exposed surfaces of the cubes. Using dusting to 
prime pyrotechnic compositions is fairly simple 
and, providing an excess amount of prime has 
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been used, has the advantage of producing a 
prime surface that tends to readily take fire. 
This is because the outer most surface of prime 
is relatively loose, rough-textured and free from 
any significant buildup of binder (discussed 
further below). However, dusting suffers from 
the disadvantage that generally only a small 
amount of prime can be made to stick to the 
surfaces; for most items, this is probably only a 
few percent by weight. Another problem is that 
the dusted prime can easily be removed with 
rough handling. 


Some pyrotechnic items, such as color 
changing fireworks stars, as illustrated in Fig- 
ure 8, are made as a series of layers, like the 
structure of an onion. In western countries, the 
layering process is commonly produced by al- 
ternating the application of a spray of water (or 
other solvent) and dry pyrotechnic composition. 
The spray of water causes the surface of the 
item to become sticky, providing a ready sur- 
face for the dry composition to adhere. For such 
items, probably the most effective method of 
applying the final prime coating is simply to 
conclude the cumulative layering process with 
some number of layers of prime. (Similarly, the 
dark prime between the color compositions of 
color changing stars can be applied in layers.) 
The use of a layering process has the advantage 
of allowing any number of layers of prime to be 
applied (i.e., any amount of prime to be ap- 
plied). This can be quite important in some 
situations; for example, when difficult to ignite 
and easily extinguished fireworks stars are pro- 
pelled from hard breaking aerial shells. To 
maintain their burning, there must be sufficient 
prime to continue burning until the stars have 
slowed sufficiently for the star composition it- 
self to be able to remain ignited (as depicted in 
Figure 16). In these cases, often the outer prime 
layer may be 10 to 20% by weight of the star. 
For easy ignition of prime composition applied 
by layering, it is important that the very last 
application of dry composition be in excess to 
what would normally adhere to the surface. 
This will help produce an outer surface that is 
rough and mostly free of solvated binder, simi- 
lar to that described above for prime applied by 
dusting. 


For small completed items and especially 
fuses, “slurry” priming is often used. In this 
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case, sufficient binder solvent is added to the 
prime composition to make a thick but flowing 
slurry. The viscosity of the slurry is controlled 
by the amount of solvent and the choice of 
binder (and possibly flow control additives). 
Viscosity is adjusted to meet the needs of the 
particular application method, which tends to 
fall into three categories. In many cases the 
prime slurry is simply applied by painting using 
a small brush. Another common method (to 
apply a more viscous prime slurry) is from a 
container under pressure, for example using a 
squeeze bottle such as used for food products 
like mustard or catsup. This has the advantage 
of generally allowing the application of a 
thicker coating of prime than is practical by 
painting with a brush. The third slurry applica- 
tion method is sometimes used to completely 
coat the surface of the item or device to be 
primed. In this case, the item is briefly sub- 
merged in the prime slurry, either individually 
using a forceps (tweezers) to hold the item, or 
in batches using a course screened basket con- 
taining the items. Following the dipping proc- 
ess it is common to dust a layer of dry prime 
onto the exposed surfaces of the items. 


Many pyrotechnic devices have the main 
pyrotechnic composition compacted using a 
press. Examples of such items are signal flares, 
tracers, whistles, fountains, drivers, etc. For 
these items, it is often convenient to apply the 
prime layer using compaction (plastic flow 
binding). In these cases, one or more incre- 
ments of prime composition are used in the 
pressing of the item, such as illustrated in Fig- 
ure | for an aerial flare and fireworks gerb. For 
devices made using compaction, this is proba- 
bly the most common prime application 
method. 


Regarding prime application methods, there 
are a few additional subjects that should be 
considered that can greatly affect ignitablitiy. 
Figure 17 has photographs of two fireworks 
aerial shells with their Bickford-style timing 
fuses primed. The shell in the top photo has had 
a layer of prime painted over the end of the 
fuse. The shell in the bottom photo has had a 
larger amount of prime applied using a squeeze 
bottle, then the prime was pressed lightly into a 
bed of loose granular Black Powder, some of 
which then adhered to the prime surface. 
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Figure 17. Examples of fuse priming methods 
with greatly differing probabilities for 
successful ignition. 


All else being equal, the larger the primed 
surface area, the greater the probability it will 
successfully be ignited by any given ignition 
stimulus. The reason is simply one of probabil- 
ity. If all locations on the primed surface have 
an equal chance of being ignited, the probabil- 
ity of ignition increases as the number of loca- 
tions (surface area) increases. In the upper 
photo in Figure 17, the total prime surface area 
is approximately 4 square inch (160 mm’), 
while that in the bottom photo has approxi- 
mately 10 times more primed surface. 


The surface texture of the prime coating is 
also important. Generally, if the surface is 
smooth and hard, such as pictured for the prime 
layer in the upper photo of Figure 17, ignition 
will be more difficult than if the surface is 
rough, such as for the prime layer in the lower 
photo. With a rough surface, the tiny exposed 
points will raise more quickly and to higher 
temperatures than the bulk of the prime coating. 
Accordingly, these points are more likely to 
take fire and cause the rest of the prime to ig- 
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nite, even when the amount of energy supplied 
would not otherwise have been sufficient. 


Another potential surface problem for prime 
compositions applied wet with solvents, is that 
during the drying process a thin layer of binder 
can form on the surface. As illustrated in Fig- 
ure 18, this can occur because, as the solvent 
migrates to the surface, it carries dissolved 
binder with it. Then as the solvent evaporates, 
the binder (and other soluble components) are 
left behind on the surface. This collection of 
binder can produce a surface that is quite resis- 
tant to ignition, both because of its chemical 
composition and because it can be quite smooth. 
The likelihood of experiencing this problem can 
be reduced if a minimum amount of solvent is 
used, and if the surface is dusted with dry prime 
composition or granular Black Powder. 


+ + + 4 


Solvent Evaporates 


from Surface 


Smooth Skin, 
Mostly Binder 


Binder in |~ 
olution |*. 


Figure 18. Illustration of the formation of a 


“skin” of mostly binder on the surface of prime. 


Alternatives to Priming 


One alternative method applies to Bickford 
style fuse. It is more common to “cross match” 
such fuse as shown in Figure 19, than it is to 
apply a coat of prime composition. In this case 
a hole has been punched through the fuse such 
that it intersects the powder core of the fuse. 
Inserted into the hole is a thin piece of black 
match (cotton strings impregnated and coated 
with Black Powder). In this case, if any point 
on the surface of the black match is ignited, 
quickly the entire black match is consumed and 
the powder core of the time fuse is ignited. 
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Figure 19. Example of a fireworks aerial shell 
with a “cross matched” time fuse. 


In some cases, the main pyrotechnic compo- 
sition of an item itself has ignition and burning 
properties that are similar to prime compositions. 
If that is the case, there is no need for the appli- 
cation of a prime to its surface to help insure 
ignition. Examples of some pyrotechnic compo- 
sitions that will likely have properties that are 
sufficiently prime-like are: rough powder-based 
spark-producing compositions, most fireworks 
glitter compositions, and chlorate-based colored 
flame compositions. However, as with prime 
compositions, consideration must be given to the 
physical condition of its surface. To achieve 
successful ignition, rough textured surfaces are 
preferred to those that are hard and smooth. 


Conclusion 


Many failures of pyrotechnic items and de- 
vices are the result of the inability to cause their 
ignition at the time of their intended use. Prop- 
erly formulated and applied pyrotechnic prime 
compositions when present on the ignition sur- 
face can significantly improve the probability 
of successful ignition. Ideal prime compositions 
are those that: are easily ignited (have a low 
activation energy requirement), but not so eas- 
ily ignited that accidental ignitions are likely; 
upon burning, produce abundant thermal energy 
(have high heats of reaction); and have efficient 
means of feeding thermal energy to the main 
pyrotechnic composition. 
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Pyrotechnic Delays and Thermal Sources 
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ABSTRACT 


The technology associated with pyrotechnic 
delays, together with the many factors, both 
physical and chemical, that affect the perform- 
ance of delay compositions and influence the 
design of delay elements have been outlined. The 
production of heat by thermite and thermate 
systems is similarly discussed. 


Keywords: pyrotechnics, gassy delays, black 
powder, gasless delays, thermites, thermates, 
incendiaries, Goldschmidt reaction 


Introduction 


The combustion process of a pyrotechnic 
composition can be used to provide a time in- 
terval ranging from a few tens of milliseconds 
to several minutes between successive mechani- 
cal, electric or explosive events. Any composi- 
tion will take a finite time to burn over a given 
length, but the requirements of safety, time re- 
producibility and ignition transfer reliability, 
particularly in modern military applications have 
resulted in the development of specific formula- 
tions known as pyrotechnic delays. Composi- 
tions of this type, when consolidated into a tube 
(usually by pressing the powder mixture under 
high loads) burn at reproducible linear rates. 
The assembly consisting of an ignition source, 
the tube, pressed composition and ignition trans- 
fer system is called a delay element. 


A delay element can be used to provide a 
safety interval, for example, between the de- 
ployment and detonation of a hand grenade, to 
allow time for a projectile to reach its target or 
to form part of an electro-mechanical sequenc- 
ing system for a fuze train. Pyrotechnic delays 
have found many applications, even in these days 
of cheap electronic timing systems because of 
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their simplicity, the high degree of inherent 
safety, their ruggedness and reliability, and also 
because they do not require a power source 
such as a battery. 


Although pyrotechnic reactions can be de- 
signed to produce diverse physical effects, in- 
cluding time delays, the basic combustion proc- 
ess is exothermic (1.e., heat is evolved). The 
appropriate selection of chemical ingredients 
can optimise heat production and because very 
high temperatures are produced, one or more of 
the reaction products will be in the liquid phase. 
Such specific formulations are usually known as 
thermites and can be used to cut, burn or weld 
metals. With controls applied to design parame- 
ters, the reaction dynamics of thermite compo- 
sitions can be closely regulated, resulting in re- 
producible propagation velocities and very low 
volumes of gaseous reaction products. As a re- 
sult, certain thermite type formulations, known 
as ‘gasless’ delays, can be used in hermetically 
sealed systems to produce very accurate delay 
intervals in explosive trains. Because the chem- 
istry of gasless delay compositions is often 
identical to that of thermites, both are consid- 
ered together in this chapter. 


Delay Compositions 


Until World War II, Black Powder was the 
basis of virtually all delay elements used in 
munitions, whether formed into columns by a 
wrapping process (Bickford or safety fuse), coat- 
ing as a paste onto hemp yarn (quick match) or 
by the more sophisticated method of pressing 
the material into metal tubes or channels. Black 
Powder, if it can be kept dry, can be used to 
provide quite accurate time intervals. It produces 
a significant volume of permanent gas during 
combustion (about 300 mL/g of Black Powder), 
and so devices containing Black Powder must 
be vented, otherwise, the combustion rate will 
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Figure I. Combustion in the loose and consolidated states. 


increase due to pressurisation, and short delay 
times will result. In high altitude applications 
where the ambient pressure is low, long delay 
times and possible extinguishment of the vented 
column are likely due to heat losses from the 
system. However, because the charcoal ingredi- 
ent in Black Powder is somewhat hygroscopic, 
the delay column must be sealed from the envi- 
ronment during storage. Mechanical solutions 
to these competing requirements have increased 
the complexity of gas-producing (gassy) delay 
systems and are only partly successful. 


With the development of weapons systems 
required to operate with high levels of perform- 
ance reliability and reproducibility under a wide 
range of environmental conditions, the gassy 
delay system has been displaced by a relatively 
new type of composition—the gasless delay. As 
its name implies, the gasless delay composition 
produces comparatively little permanent gas 
during combustion. For this reason, the com- 
bustion rate is less affected by pressurisation of 
the burning front and as a result, the delay ele- 
ment can be totally sealed from its operational 
and storage environments. In other words, time 
intervals of high accuracy can be produced 
whether the system operates at great depths be- 
neath the sea or in the vacuum of space. More- 
over, hermetically sealed delay elements incor- 
porating gasless delays can be stored for long 
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periods without deterioration due to the ingress 
of moisture. 


However, gassy delays have not been en- 
tirely superseded. Many new formulations have 
been developed, resulting in delay systems that 
exhibit better time accuracy over their service 
life than the Black Powder type. The burning 
rate-pressure dependency of gassy delays, par- 
ticularly at extremely high pressures, is still used 
in certain fuze systems to produce millisecond 
duration sequencing intervals between safety 
and arming events. 


Combustion in 
Consolidated Columns 


Before examining delay compositions in 
some detail, it is necessary to compare the 
mechanisms of combustion in the loose and 
consolidated states. Figure 1a shows a container 
filled with loose Black Powder. Upon initiation 
of the prime ignition stimulus, the grains of 
powder immediately beneath the stimulus are 
ignited. These burn, generating hot combustion 
products that are free to ignite surrounding 
grains throughout the void spaces in the filling. 
The low bulk density of the filling, the turbu- 
lence caused by the combustion process and the 
consequent ignition of Black Powder at many 
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sites remote from the prime stimulus means that 
the combustion rate is very rapid. The confine- 
ment offered by the container causes the proc- 
ess to occur under pressure and an explosion 
will generally result. 


If, rather than fill the loose Black Powder 
into a container, it is laid out in a trail, made 
into a paste and coated onto a cord, or lightly 
stemmed into a tube, a slower burning rate gen- 
erally results. In early mining operations, such 
arrangements were used as fuses to introduce a 
delay interval between ignition of the fuse and 
explosion of the main charge. However, com- 
bustion propagation along the fuse train is not 
well controlled—burning particles ejected or 
windborne from the trail, or flashing down the 
cord or tube are capable of igniting the main 
charge too soon—a highly dangerous situation. 
It was William Bickford, with the development 
of hemp-wrapped Black Powder fuse in the 
early 1800s," who improved the safety of 
blasting operations and laid the basis for the 
future development of highly accurate pyrotech- 
nic delay elements. 


The combustion process shown in Figure 1b 
is much slower and more controlled. This is 
because the pyrotechnic filling has been com- 
pacted by pressing it into a tube to a density 
approaching its theoretical maximum (TMD), 
and the void spaces throughout the composition 
have therefore been reduced to as low a level as 
possible (typically 2-12% of the total volume). 
The void space is the total volume of the space 
between the ingredient particles; this is largely 
determined by the physical properties of the 
ingredients and the compaction pressure. 


In a pressed composition, the products of 
combustion (e.g., gases and heat) are unable to 
travel far into the consolidated column and 
combustion is confined to a relatively thin 
propagation zone known as the burning front. 
The tube, into which the composition is pressed, 
not only has the function of supporting the col- 
umn in a mechanical system, but also allows 
combustion to occur only at the burning front. 
Although delay compositions generally consoli- 
date well into tubes, the risks associated with 
the possibility of uncontrolled burning must be 
considered in the design of a delay element. 
Adhesion failure between the composition and 
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the delay tube wall can have serious conse- 
quences (such as a short or nonexistent delay 
time in a hand grenade). 


As shown in Figure 1b, the plane of the 
burning front proceeds in a ‘cigarette fashion’ 
from left to right through the column of compo- 
sition at a notionally constant speed. Immedi- 
ately to the left of the burning front is the com- 
bustion product zone and to the right is the pre- 
ignition zone where the unreacted composition 
is heated by the intrusion of combustion prod- 
ucts (gases, liquids and thermal radiation) into 
the consolidated column. Largely, it is the de- 
gree of pre-heating of the reactants before the 
arrival of the burning front that determines the 
rate at which the column combusts. 


Burning Rate 


The burning rate of a pyrotechnic composi- 
tion is the speed at which the burning front pro- 
ceeds along the length of the consolidated col- 
umn. The burning rate can be expressed in units 
of length per second (linear burning rate), or 
mass consumed per second (mass burning rate), 
depending upon the application. However, it is 
important to understand that the measured lin- 
ear burning rate is really an average value—the 
speed at which the burning front progresses 
through the column may continually increase 
and decrease under the influence of a wide 
range of factors. These are related to the proper- 
ties of the composition itself and to other stim- 
uli both internal and external to the system. For 
a pyrotechnic delay composition filled into a 
device, the cumulative effect of these influences 
results in a measured burning time for a particu- 
lar column length—the delay interval. 


Because the time produced by a given sys- 
tem is often of more direct relevance to the py- 
rotechnist than the length of the column, many 
designers and researchers have used a recipro- 
cal unit to quantify the burning rate of pyrotech- 
nic compositions. The reciprocal linear burn- 
ing rate (RLBR) is expressed in units of time 
per (convenient) unit of length (e.g., s/cm) rather 
than as a speed value (cm/s or mm/s). The 
reader will encounter the use of both units in 
the literature, and it is largely a matter of per- 
sonal preference as to which value is employed. 
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However, pyrotechnic performance characteris- 
tics, including explosives sensitiveness are re- 
lated to the burning rate of a composition and 
therefore the two units must never be confused. 


The RLBR can be used as a primary quanti- 
fier of a pyrotechnic composition. Although the 
burning rate will likely be altered by the com- 
bustion environment (e.g., certain mixtures burn 
faster under increased pressure and tempera- 
ture), the RLBR value is normally determined 
at ambient pressure and temperature. It allows 
an immediate comparison to be made of the 
burning rates of different formulations and can 
also be used to predict the pyrotechnic effect 
likely to be produced by various formulations 
and composition types. For example, a flare 
composition that burns at a faster rate will gen- 
erally produce higher luminous emission than a 
similar, but slower burning formulation. 


Determination of Burning Rate 


Often, the pyrotechnist faced with the prob- 
lem of making a composition that burns at a 
specified rate for a particular application can 
physically blend two similar formulations hav- 
ing different RLBR values to achieve the re- 
quired burning rate. Usually, the burning rate 
under ambient conditions can be readily deter- 
mined by using one of the following tech- 
niques: 


(a) Incremental Method 


This is probably the most common method 
used to fill delay elements for applications such 
as hand grenades. A small mass of loose com- 
position is loaded into the delay tube and con- 
solidated using sufficient force to produce a high 
compaction pressure (typically >150 MPa). Suc- 
cessive increments are loaded and pressed in 
this way until the required column length is 
achieved. The mass of each increment is limited 
so that density variations throughout the con- 
solidated column do not cause excessive varia- 
tions in the burning rate (the interfaces between 
the individual increments can cause a momen- 
tary slowing of the burning rate). The column 
length may be increased or reduced, depending 
on the reaction dynamics of the system, to 
achieve the specified delay interval. This filling 
technique is time consuming and the results are 
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somewhat dependant on operator skill levels, 
and therefore may not be cost effective for long 
(>5 s) delay intervals or the determination of 
the RLBR in the laboratory. 


(b) Extrusion Method 


A faster method for filling delays was de- 
veloped in the UK in the 1960s—a length of 
lead tubing, which has been closed at the bot- 
tom by crimping, is volumetrically filled with 
loose composition. This is stemmed by hand 
using a wooden drift and the tube is crimped at 
the top. The filled tube is then passed through a 
set of reduction rollers in a specially designed 
machine until the required diameter is obtained. 
The first 5-10% of the extruded length is dis- 
carded from each end and the remainder is then 
cut into equal lengths using a sharp knife. Each 
length is ignited with a match and the burn time 
is recorded with a stopwatch or video system. 
The average burning time for the lengths is then 
calculated and (in the case of RLBR) expressed 
as a function of length. 


The process compacts the lead-sheathed 
composition to about 100 MPa so that longer 
lengths can be loaded and subsequently pressed 
into delay elements, reducing the number of 
increments and the likelihood of burning time 
variations. The technique is especially applica- 
ble to the determination of the RLBR under 
ambient conditions because it is much quicker, 
cheaper and less skill dependant than the in- 
cremental method and delays of longer length 
can be more readily produced. 


Factors Affecting Burning Rate 


A wide range of factors can influence the 
burning rates of pyrotechnic compositions, in- 
cluding those intrinsic to the compositions them- 
selves and other factors introduced by the device 
into which they are filled or the operational 
combustion environment: 


e thermochemical properties of the reactants 


e stoichiometry of the composition 


e chemical and physical properties of the re- 
actants; including purity, particle size and 
behaviour under compression 
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e thermal conductivity of the composition, 
particularly the fuel ingredient 


e thermal conductivity of the tube housing the 
column 


e thermal radiation from the reaction products 
and probably the infrared (IR) absorption 
characteristics of the composition’s ingre- 
dients 


e convective effects at the burning front 


e volume of temporary and permanent gases 
produced by the composition 


e pressure at the burning front 


e characteristics of the condensed combustion 
products 


e void space in the filling and consolidation 
pressure 


e environmental effects such as the tempera- 
ture of the surroundings and spin 


e design of the device, particularly the end 
seals 


e number and size of composition increments 
e diameter and length of the column 

e the mechanical strength of the column 

e the type of ignition source 


e the ‘first fire’ (priming composition) that 
might be used 


While a delay composition having a fast 
burning rate is generally more reproducible 
than a slower burning formulation, the collec- 
tive influence of all these factors (to a greater or 
lesser extent) determines the overall time inter- 
val produced by the delay element. Considering 
the above list, it might not seem possible that a 
pyrotechnic delay element could ever give a 
consistent time, but pyrotechnic delays are used 
in explosive trains to produce accurate time 
intervals, often under very adverse conditions. 
The pyrotechnist faced with designing a delay 
element or solving production problems with an 
existing system must consider all these influ- 
ences to be successful. 


Pyrotechnic Chemistry 


Chapter 8 — Page 5 


Thermochemistry and Stoichiometry 


The intrinsic burning rate of a delay compo- 
sition is mainly determined by the chemical 
ingredients, their proportions in the composi- 
tion, and also their thermochemical properties. 
For example, an oxidiser that decomposes exo- 
thermically (such as potassium perchlorate, 
AH, =-3.7kJ/mol of KCIO,) will require less 


heat from the system for decomposition than an 
endothermic oxidiser (such as barium nitrate, 


AH, = 220.0 kJ/mole of Ba(NO;),). This means 


that, all other factors remaining equal, the com- 
bustion temperature and the burning rate of the 
system containing the exothermic oxidiser will 
be greater. An oxidiser or fuel that undergoes a 
phase change or a phase change at higher tem- 
perature during the combustion process will 
remove heat from the system and slow the pro- 
gression of the burning front accordingly. 
Chemical impurities in the ingredients, and the 
mere presence of the mixed ingredients them- 
selves may lower the onset decomposition tem- 
perature of the oxidiser or alter the combustion 
characteristics of the fuel." These factors may 
cause variations in performance. 


To compare the relative thermal output of 
fuel ingredients, the Q, value is often used: 
= 0) 
mA 
where AH, is the heat of formation (enthalpy) 


of the oxide, A is the atomic (or molecular) 
weight of the fuel and m is the number of atoms 
of the fuel in the product molecule. For a given 
particle size and surface area, a fuel such as 
boron that produces more heat when it oxidises 
(QO, = 58.96 kJ/g) will react faster than a less 
reactive fuel such as silicon (Q, = 32.40 kJ/g). 
Depending on its proportion in the composition, 
a fuel may also combust to produce higher or 
lower oxides and alter the thermal output 
(where Q, is the heat of combustion per unit 
mass of reactants) of the combustion process. 
McLain"! gives an example: 


Mn.) + 1/2 Ong) => MnO,w, 
Qr.=5.43kI/g (2) 


Mn ch Org) -> Mn0,,.) 
O,=5.98kI/g (3) 
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2Mn,w) a 3/2 Org) => MnO) 
Q,=6.07kI/g (4) 


Diluents or modifiers may be added to the for- 
mulation to cause deliberate changes to the 
burning rate. A diluent is a material that may 
not take part in the combustion reaction, but 
which will physically separate the fuel and oxi- 
diser and reduce their combined reactivity. It 
may also serve as a heat sink, removing thermal 
energy from the burning front and slowing the 
combustion reaction. Examples of diluents in- 
clude kaolin, kieselguhr, chromic oxide, and 
magnesium oxide. 


Rate modifiers usually undergo a physical or 
chemical change that removes heat from the 
system, for example by melting or decomposing 
to produce a gas that directly carries heat away 
from the burning front. Some phase change 
modifiers include the low melting point oxidis- 
ers, potassium nitrate and potassium dichromate 
and organic fuels such as lactose, which dehy- 
drates on heating.'*! Gas producing modifiers 
such as sodium bicarbonate, calcium carbonate 
and calcium oxalate may also be used in gassy 
delays. 


Delay compositions are generally formulated 
to be slightly fuel rich for two reasons: 


e ingasless delays, the excess fuel is required 
to consume any oxygen gas that might oth- 
erwise be evolved by the reaction" 


e excess fuel increases the combustion tem- 
perature, which leads to a higher combus- 
tion rate and improved reproducibility”! 


However, the determination of the optimum 
theoretical ratio of reactants for a delay formu- 
lation (particularly gasless mixtures) can be 
difficult for the designer because of the high 
combustion temperature of the burning front 
(approximately 2000-3000 °C). Deciding upon 
the actual product species existent at these tem- 
peratures can be assisted by computer codes 
such as the NASA-Lewis CEC76 program in 
which the conditions of temperature and pres- 
sure can be ascribed to the burning front to 
more accurately estimate the products. 


Because of this difficulty, experimental tech- 
niques are commonly used to examine the effect 
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of ingredient proportions on the burning rate of 
the composition. For example, in binary systems 
several delay formulations are prepared in which 
the fuel/oxidiser ratio is widely varied around 
the stoichiometric ratio (between fuel deficient 
and fuel rich). A number of delay columns of 
set length are then prepared and ignited under 
ambient conditions of temperature and pressure. 
The burn times of the columns are then meas- 
ured and converted to burning speed (or RLBR) 
values for each formulation. These are then 
plotted against fuel content to give a relation- 
ship similar to that shown in Figure 2. 


Burn Rate (mm/s) 


X = failed to propagate 


0 10 20 30 
Fuel (%) 


Figure 2. Burning rate vs. fuel content for a 
binary delay system. 


When designing a delay element, it is neces- 
sary not only to select a composition having a 
particular burning rate, but it is equally impor- 
tant to ensure that the chosen formulation ex- 
hibits the required burning rate on the flat re- 
gion of the burning rate vs. fuel content curve. 
If not, small variations in the fuel content as a 
result of poor mixing or ingredient segregation 
can significantly affect the burning rate and 
ultimately the time produced by the delay ele- 
ment. Therefore, homogeneity provided by 
proper ingredient preparation and mixing tech- 
niques is critically important in most delay 
compositions. 


For formulations containing more than two 
ingredients, the same experimental technique is 
used, but the results are plotted as shown in 


Pyrotechnic Chemistry 


100% Manganese 


10 


BaCrO, 100% 90 80 70 60 


7X 
WAVAY: 


WWAVAVAV.IV Avan 
JV\IV\JAJAJ VINE 


e Burn Rate (mm/s) 


® Failed to Propagate 


SeT*K HK" 
WA vanven® 


PD 


70 


50 40 30 20 10 


Figure 3. Burning rate vs. ingredients content for a ternary system. 


Figure 3. This diagram shows the relative per- 
centages of the oxidisers plotted against the per- 
centage of fuel ingredient for a manganese/bar- 
jum chromate/lead chromate delay system. The 
method can also be used with compositions 
containing two fuels and a single oxidiser. 


Physical Properties of the Reactants 


The physical properties of the reactant 
chemicals can have a significant effect on the 
burning rate and burning rate reproducibility of 
a pyrotechnic delay composition. Usually, the 
mean particle diameter of the ingredients (parti- 
cularly of the fuel component) is reduced as 
much as possible (often to less than 10 um) to 
produce the most reproducible burning rate for 
a given system. Although a high surface area 
fuel (e.g., made by a cutting or stamping proc- 
ess) can be expected to burn more rapidly, fuels 
having a low surface area (e.g., spherical parti- 
cles manufactured by an atomising process) 
tend to combust in a more reproducible man- 
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ner—a factor essential for a delay system. An- 
other important consideration is the particle size 
distribution of the ingredients—chemicals hav- 
ing large particle size disparities can result in 
inconsistent burning, particularly if the compo- 
sition is not well mixed. 


Purity and Moisture 


Because of the tight performance tolerances 
often placed upon delay systems, it is particu- 
larly important that each chemical ingredient of 
the composition is as pure (or as consistent) as 
possible. The chemicals used in pyrotechnic 
compositions normally contain impurities and 
these may produce unwanted effects such as the 
production of gas, catalytic effects, chemical 
instability or thermochemical changes, all of 
which can alter the burning rate. The chemical 
specifications usually set limits for particular 
impurities so that these effects are minimised. 


Moisture must be eliminated from gasless 
delay compositions because of the numerous 
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chemical and physical changes it is likely to 
cause within the system during both storage and 
combustion. For example the gradual oxidation 
of the fuel due to the presence of moisture will 
alter the available fuel content of the composi- 
tion, and to a lesser degree, the change of water 
to vapour during combustion will cool the reac- 
tion, pressurise the burning front or directly 
remove heat from the system. In both these cir- 
cumstances the burning rate is likely to change. 


Some impurities however, may provide 
beneficial effects such as reducing the thermal 
decomposition temperature of the oxidiser or 
assisting the combustion of the fuel and hence 
improve the ignition or propagation characteris- 
tics of the composition. Boron, for example 
normally contains about 5—10% impurities yet 
serves as a versatile and effective pyrotechnic 
fuel. Very pure boron on the other hand is rela- 
tively difficult to ignite. 


Thermal Conductivity within the Column 


The use of a fuel having high thermal con- 
ductivity, such as a metal powder, increases the 
burning rate due to preheating effects. This ef- 
fect not only demonstrates that the thermal con- 
ductivity of the column is one factor controlling 
the burning rate'®! but also gives the pyrotech- 
nist another means of altering the burning rate 
of different formulations to suit specific re- 
quirements. The appropriate selection of the fuel 
ingredient or the addition of a diluent to act as 
an insulator or heat sink will alter the conduc- 
tivity of the column and as a consequence, slow 
the burning rate. 


Similarly, the pressing load (and the flow 
properties of the ingredients under increased 
pressure) can affect the burning rate by altering 
the thermal conductivity of the column by bring- 
ing the ingredients into more intimate contact 
with each other. 


Direct Heating 


The reactants in the pre-ignition zone are di- 
rectly heated by thermal radiation from the 
combustion reaction, and it is therefore likely 
that the infrared absorption characteristics of 
the ingredients will help determine the burning 
rate of the system. 
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The reactants immediately ahead of the 
burning front are also heated by direct contact 
(conduction) with the reaction products, par- 
ticularly if they are in the liquid phase. Gaseous 
or solid products are often carried quickly away 
from the burning front by thermal expansion or 
gas flow and so have less time to transfer en- 
ergy to the unreacted ingredients. 


Reaction Products 


The reaction products also influence the 
burning rate of a consolidated column of pyro- 
technic composition, often long after the com- 
bustion front has passed. At the time of burn- 
ing, the specific heat of the products and their 
physical state at the combustion temperature 
will influence the heating processes occurring 
at the front (e.g., gaseous products may pressur- 
ise the system causing an increase in the burn- 
ing rate). However condensed phase products 
(slag), formed once the burning front has passed, 
may alter the dynamics of heat loss and gas 
flow, thereby altering the temperature and pres- 
sure at the front and therefore the propagation 
speed of the burning front. In some burning de- 
lay columns, slag continually accumulates until 
itis suddenly displaced by internal gas pressure; 
it then reforms with the result that the burning 
rate tends to be erratic. In order to minimise the 
problem with compositions of this type, the di- 
ameter of the delay column is often increased. 


Sometimes a formulation of ingredients is 
deliberately chosen so that the slag quickly so- 
lidifies, rendering the column impermeable to 
gas flow. This isolates the burning front from 
external factors that may otherwise adversely 
affect the burning rate or even extinguish com- 
bustion. This is the so-called ‘self-sealing’ type 
of delay system that can be used underwater or 
in ignition transfer applications where direc- 
tional projection of the reaction products is de- 
sirable. A composition that has been found to 
exhibit self-sealing properties is: 


Manganese 34% 
Barium chromate 30% 
Lead chromate 36% 
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Void Space and Compaction Pressure 


The degree of preheating of the reactants for 
a given system is controlled by the intrusion of 
the hot combustion products into the pressed 
column of composition. This in turn is partly 
determined by the void space present in the 
compact. Most consolidated compositions ex- 
hibit microscopic spaces between the ingredi- 
ents, even when pressed at very high loads. The 
reason for this is that once a certain density is 
achieved, no further movement of particles 
within the compact is possible. The total vol- 
ume of the void spaces present in a composition 
depends on the formulation, the physical char- 
acteristics of the ingredients, including their 
particle size and shape and the presence of sub- 
stances such as waxes or resins that can deform 
or flow under pressure. In delay columns, where 
very small particle size ingredients are normally 
used, the void space is generally quite low. 


In spite of the low void space, delay col- 
umns are sufficiently porous for the combustion 
gases to flow ahead of the burning front, par- 
ticularly if a pressure differential exists between 
one end of the column and the other. This can 
be demonstrated by pressing a slow burning 
‘gasless’ delay composition into an open-ended 
metal tube and igniting it with the opposite end 
connected to a water-filled manometer. Even 
with no gas flow restriction at the ignition end, 
the manometer will soon be seen to rise, long 
before the burning front reaches the end of the 
delay column. This flow, if unhindered by a 
tube end closure, will heat the column, raise the 
temperature of the reactants and increase the 
burning rate. If the system is sealed and the ig- 
niter generates significant pressure, the burning 
rate may be further increased. 


Conversely in slow burning delay systems, 
if one or more of the ingredients undergoes a 
phase change and liquefies during the preheat- 
ing process, the molten material may be forced 
into the void space of the unreacted composi- 
tion by internal pressure. This may act as a seal, 
reduce gas flow through the column and de- 
press the burning rate. The burning characteris- 
tics of the system may become quite complex, 
particularly under pressure. 


Void space clearly influences the regularity 
of the burning front and for this reason, pyro- 
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technic delays normally incorporate finely 
ground ingredients that are pressed at a high 
compaction pressure to minimise any effects 
related to variations in void space. The effect on 
the burning rate of compaction pressure and 
density variations due to increment interfaces 
should be considered when designing a delay 
element. 


Environmental Factors 


With the composition parameters controlled 
as much as possible, the pyrotechnist must also 
consider environmental factors during the com- 
bustion period that may influence the burning 
rate. The ambient temperature, the thermal con- 
ductivity of the surroundings, the combustion 
pressure and operational factors such as accel- 
eration or spin contribute effects that must be 
considered to achieve the required delay time. 


When deciding on the mechanical design 
aspects of a delay element, the thermal output 
of the delay composition and its environment 
must be taken into account. A fast burning, hot 
system will be less affected by thermal losses 
than a slower burning, cooler composition. The 
faster-burning compositions can therefore be 
filled into small tube diameters and still yield 
very reproducible results, whereas the column 
diameter should be increased to produce similar 
results from a cooler system. 


The temperature of the delay column, both 
prior to and during combustion, influences the 
burning rate. For military and aerospace appli- 
cations, delay elements must provide an accu- 
rate time interval, which is specified to within 
certain limits over a set environmental tempera- 
ture range, often between —40 and +60 °C. De- 
pending on the formulation, most gasless delay 
compositions burn about 25% slower at the 
lower temperature and 25% faster at the higher 
temperature than they would at room tempera- 
ture. Gassy delays are less affected by tempera- 
ture variations because of the intrinsic removal 
of reaction products from the burning front. 


For similar reasons, the thermal conductivity 
of the delay tube itself and its immediate sur- 
roundings are factors contributing to the time 
interval produced by the system. Highly con- 
ductive materials such as aluminium, copper or 
brass will transfer thermal energy along the 
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length of the tube, heat the remaining composi- 
tion and increase its burning rate. Any sur- 
rounding components in thermal contact with 
the delay tube may slow or even remove suffi- 
cient energy from the system to extinguish the 
burning composition (Refer to Figure 4). It is 
normal practice to use low thermal conductivity 
materials such as stainless steel for the manu- 
facture of delay tubes to reduce these effects. 
Aluminium alloy delay tubes can be used in 
slow burning systems, but the metal should be 
anodised to reduce surface conductivity. 


Aluminium 

case Slag 
Burning Unburnt 
front delay 
profile composition 


Figure 4. A delay column that has failed due to 
heat losses. 


Pressurization of the burning front often 
leads to an increase in the burning rate, al- 
though the effect is generally more pronounced 
with gas-producing delays. Increased pressure 
at the burning front confines the combustion 
products to the reaction zone and increases the 
temperature. Combustion products are forced to 
greater depths into the compact and this also 
increases the burning rate due to preheating of 
the delay column. Decreased pressure may have 
the opposite effect, particularly with gassy sys- 
tems, by assisting in the removal of reaction 
products from the system—this causes a drop in 
temperature and possibly leads to propagation 
failure. In extreme circumstances, such as a 
pressure drop caused by the ejection of an ig- 


Pyrotechnic Delays 


Chapter 8 — Page 10 


niter or sealing disc (particularly at high alti- 
tudes) can cause the entire burning front to dis- 
lodge from the column and so extinguish the 
delay element. 


The combustion pressure may be the result 
of environmental conditions such as deploy- 
ment altitude, the reaction products of the com- 
position, or a deliberate attempt on the part of 
the pyrotechnist to improve the reproducibility 
of the system. Obviously if a system is designed 
to operate under sealed conditions, the effec- 
tiveness of the gas seals will determine the re- 
producibility of the delay element; one major 
cause of delay elements failing to produce the 
specified interval or standard deviation is inter- 
nal gas venting to atmosphere past the envi- 
ronmental seals. 


Longitudinal or angular acceleration might 
be expected to affect the burning rate, particu- 
larly if solid to liquid phase transitions are a 
result of the combustion process. When design- 
ing delay fuzes for gun-launched, spin-stabilised 
ammunition, the delay composition must be 
formulated and engineered to withstand the as- 
sociated forces—this is mainly achieved by the 
choice of oxidiser, with ionic solids exhibiting 
better compaction and mechanical strength prop- 
erties than amorphous or covalently-bonded 
substances. In general, gasless delays tend to 
burn at a slower rate under spin; this is because 
the molten reaction products of gasless systems 
are displaced from the combustion front. In pro- 
jected ammunition, high acceleration forces 
along the line of flight can cause propagation 
failures for a similar reason. 


Design and Manufacturing Factors 


A number of design and manufacturing fac- 
tors can affect the delay interval produced by a 
delay element:!7! 

e length and diameter of the column 
e the burning rate of the composition 
e density of the column 

e type of igniter used 

e the use of a priming composition 


e design of the delay element, particularly the 
end seal 
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e ignition transfer and the mechanical strength 
of the column 


Although a pyrotechnic delay element is an 
inherently simple system, it often requires more 
careful design and manufacturing techniques 
than any other type of pyrotechnic device. To 
achieve its performance criteria, the delay ele- 
ment requires close control from its inception, 
materials selection and preparation, mixing, 
pressing and final assembly as part of a pyro- 
technic or explosive train. 


(a) Column Length and Diameter 


For a given composition with a defined 
burning rate, it is primarily the length of the 
consolidated column that determines the overall 
time interval produced by the system. Unfortu- 
nately, the pyrotechnist is often consulted last 
and is given minimal space in the item of ord- 
nance in which to incorporate the delay ele- 
ment. This can mean that the preferred delay 
composition cannot be used because of space 
restrictions and so a less-than-ideal composition 
may have to be used in a shorter length. This 
requires that all the factors that affect the burn- 
ing rate must be highly controlled in order to 
achieve a reproducible delay interval. In some 
instances, filled delay columns have needed to 
be mechanically machined to close length toler- 
ances after pressing in order to produce the time 
accuracy required by modern missile systems. 


The diameter of the delay column is usually 
chosen as a matter of space efficiency, but care 
should be taken to ensure that sufficient thermal 
energy is available to account for heat losses in 
the system and still maintain the reproducible 
propagation of the burning front. A composi- 
tion, burning in a larger diameter column, has 
more composition per unit length and hence 
increased thermal energy to maintain smooth 
and reliable propagation. 


(b) Burning Rate and Filling Density 


As a general rule, the use of faster burning 
compositions in longer columns with greater 
cross-sectional area more readily meet stringent 
time specifications. This is because faster burn- 
ing systems are less affected by thermal losses 
caused by conduction into the surrounding me- 
dium. A slower burning composition of the 
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same type produces less heat per unit length 
and is therefore more susceptible to variations 
in propagation speed, particularly during the 
initial burning period when maximum tempera- 
ture differential is experienced by the system. 
Gasless compositions that burn much slower 
than about 3-4 mm/s tend to be unreliable—this 
limits the practical length for an incrementally- 
pressed delay element to about 75 mm, or a time 
interval of about 25 s. For longer intervals, delay 
elements have sometimes been made by pressing 
compositions into flat ‘C’ sections (e.g., in early 
artillery rounds), by utilising the lead tube extru- 
sion technique and pressing into long, straight 
tubes (for intervals of up to 30 s), or by forming 
the lead-sheathed composition into unpressed, 
spirally-wound delay elements; these can pro- 
vide time delays of several minutes. 


A delay column should be manufactured to 
ensure that the density throughout the consoli- 
dated column is as consistent as possible. Nor- 
mally, a pressed pyrotechnic composition incor- 
porates zones of density variation within the 
compact. In a delay element, this is highly un- 
desirable because composition density and void 
space greatly influence the burning rate. The 
solution normally employed to produce a con- 
sistent compact is the incremental filling tech- 
nique where a series of small increments of 
composition are pressed into the tube to form a 
column of the required length. However, even 
within each consolidated increment there are 
density disparities, with a zone of increased den- 
sity opposite the pressing drift and reduced 
density in the middle of the increment (See 
Figure 5). As the burning front approaches and 
crosses each increment interface, the burning 
rate slows. The more increments in the column 
(particularly with slow burning compositions), 
the more significant the time differences be- 
tween delay elements can become. The lead tube 
extrusion process can be used to reduce delay 
time variations due to the effect of increment 
interfaces, simply because there are less inter- 
faces over a given column length. 
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Figure 5. Density variations in a pressed 
column. 


(c) Ignition Source 


The type of ignition source can affect the 
manner in which a delay composition burns. 
For example, ‘hard’ igniters such as a gas- 
producing percussion primer or electric fuze- 
head may produce less reproducible combus- 
tion"! by generating sufficient pressure to sig- 
nificantly increase the burning rate, disrupt the 
surface of the pressed composition, or even 
vent the system by ejecting the igniter assem- 
bly. A ‘gasless’ fuzehead or low gas-producing 
primer, although generally preferred as a ‘soft’ 
ignition source (hot particles rather than hot 
gases) for pyrotechnics, may not produce a con- 
sistent pressure in the free space incorporated 
between the igniter and the pressed column in a 
typical delay element; this will likely result in 
delay time variability. Both the delay composi- 
tion and its igniter must be carefully matched to 
ensure performance reproducibility. 


(d) Priming Compositions 


Often when using a slow burning delay 
composition, the ignition surface must be primed 
to ensure reliable ignition transfer from the ig- 
niter. This means pressing a small increment of 
a faster and hotter burning formulation onto the 
delay column. While the actual burning time of 
the priming composition usually makes negligi- 
ble contribution to the overall delay interval, 
the heat generated during its combustion will 
produce certain effects: 
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a) The delay composition may be initially 
‘overdriven’ leading to a slightly faster burn- 
ing rate during light up. 


b) The heat from the priming may also help to 
bring the system to thermal equilibrium with 
its surroundings at a somewhat faster rate. 


Both these effects will make a contribution to 
the delay interval and should be taken into ac- 
count. 


(e) Ignition Transfer and Sealing 


While a delay element is usually a sealed 
unit during storage and its initial operation, it is 
always required to perform an additional func- 
tion at the conclusion of the burning process, 
usually ignition transfer. This either means that 
a space is provided into which a loose filled 
ignition transfer or gas-producing composition 
is loaded or a tube closure seal must be dis- 
rupted to allow incandescent delay composition 
reaction products to exit the end of the tube. 
The implications of each of these situations on 
the burning rate of the delay column are quite 
different. 


In the first case, gas can more readily flow 
through the compact and preheat the column; 
the burning rate can be expected to be relatively 
fast. But as the burning front approaches the 
end of the column, mechanical support for the 
remaining composition is diminished and it 
may break away due to internal gas pressure. 
Unless the design provides support for the end 
of the column, erratic and short times may re- 
sult. Delay elements are often required to per- 
form with high reliability and accuracy under 
extreme conditions of mechanical shock and 
vibration. Some delay compositions exhibit su- 
perior mechanical strength to others, with gassy 
delays generally exhibiting greater mechanical 
integrity than gasless compositions. This differ- 
ence relates to the physical properties of their 
ingredients and the designer must consider this 
when choosing a composition for a particular 
application. 


When the tube is fitted with a gas-tight base- 
seal, the gaseous reaction products are less able 
to flow through the column and the burning rate 
will be relatively slow. This has the advantage 
however that once the seal is expelled (often by 
melting) the high internal pressure will cause 
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the reaction products to be ejected over large 
distances, providing an excellent ignition trans- 
fer stimulus. The designer must ensure that the 
end seal is effective throughout the time of the 
combustion process; otherwise uncontrolled gas 
leakage will result in variable delay times. 


Gassy Delay Compositions 


Gassy delay compositions are relatively cool 
systems because heat is removed from the com- 
bustion front by the gaseous reaction products. 
This means that the burning rate and hence the 
delay interval produced by the system is rela- 
tively unaffected by thermal losses to its com- 
bustion environment. Depending on the for- 
mulation, gassy compositions generate oxides 
of carbon and nitrogen and solid, particulate 
residues, producing between 200 and 400 mL 
of permanent gas for each gram of composition 
consumed. This derives from the nature of the 
fuels and oxidisers used in this type of compo- 
sition. The fuel for a reliable gassy delay com- 
position must meet certain requirements. It 
should: 


e not be hygroscopic 
e be chemically stable 


e be compatible with the surrounding com- 
ponents 


e be easily ignited 
e consolidate well 
e produce gaseous reaction products 


e produce minimal solid residues that can 
obstruct the exit of gas and pressurise the 
system 


The most common gassy delay composition 
is Black Powder, a homogeneous substance 
consisting of potassium nitrate, charcoal and 
sulphur, however the sulphurless type is usually 
employed in military applications due to its im- 
proved chemical compatibility. Other gassy 
formulations contain carbonaceous fuels such 
as lactose, tetranitrocarbazole (TNC), tetranitro- 
oxanilide (TNO), ascorbic acid or chlorinated 
fuels such as polyvinylchloride. 


Although many of the above requirements 
can also be placed upon the oxidisers, in prac- 
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tice the choice is more restricted, with potas- 
sium nitrate being mostly used. Potassium ni- 
trate also has the advantage that it produces de- 
lay columns of high mechanical strength and it 
is sometimes used in conjunction with barium 
nitrate to make slower burning formulations. 


Gasless Delay Compositions 


Gasless delay systems are based on the exo- 
thermic reaction between a powdered metal and 
a metal oxide typical of the Goldschmidt oxida- 
tion-reduction reaction. Characteristics of the 
combustion process include the formation of 
condensed phase products and the relative regu- 
larity of the burning rate under varying pres- 
sures. While the reaction is notionally gasless, a 
small quantity (about 5-10 mL/g) of permanent 
gas (i.e., existing in the gas phase at STP) is 
usually formed due mainly to impurities in the 
chemical ingredients. However, it is important 
to be aware that temporary gases may be also 
formed during the high temperature combustion 
process, often resulting from the vaporisation of 
a portion of the metal fuel or metal oxide prod- 
ucts or simply from the thermal expansion of 
air entrapped in the system. Though only tem- 
porarily in the gas phase, these species can 
pressurise the burning front during combustion 
and alter the burning rate. Although gasless de- 
lay compositions can burn in hermetically sealed 
systems, it is normal practice to provide a small 
volume, or free space between the igniter and 
the pressed column of composition to avoid 
excessive internal pressurisation and potential 
ejection of the igniter which seals the tube. 


The range of fuels suitable for the manufac- 
ture of gasless delays is quite wide (Table 1), 
but the choice of oxidisers (Table 2) is limited 
to those that produce minimal gaseous decom- 
position or combustion products when burnt 
with the selected fuel or fuels. 
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Table 1. Some Examples of Fuels Suitable 
for Gasless Delay Compositions. 


Fuels 


Aluminium 


Zirconium/nickel alloy 


The range of compositions that can be for- 
mulated with these ingredients is obviously 
quite wide and each mixture has its own charac- 
teristics that are suitable for particular applica- 
tions. Several such composition systems are 
shown in Table 3. 


Fora given application, the choice of a delay 
composition is determined by a range of factors, 
one of which is the burning rate. Table 4"! shows 
how a range of burning rates might be achieved 
by varying the percentages of the ingredients of 
a particular type of delay composition. 


Table 2. Examples of Oxidisers Suitable for 
Gasless Delay Compositions. 


Barium chromate 


Potassium permanganate 
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Table 3. Typical Gasless Delay 
Compositions. 


Barium chromate 
Potassium perchlorate 
Zirconium/nickel alloy 


Burning rate range = 1.7-—25 mm/s 


Boron 
Barium chromate 


Burning rate range = 7-50 mm/s 


Potassium dichromate 
Boron 
Silicon 


Burning rate range = 1.7-—25 mm/s 
Boron 


Bismuth oxide 
Chromic oxide 


Burning rate range = 7-50 mm/s 


Another of the other major considerations 
(particularly in applications related to safety 
and arming) influencing the choice of composi- 
tion for a delay element is its mechanical 
strength as a consolidated column. A column 
that can be disintegrated as a result of rough 
handling during transport or thermal or me- 
chanical stresses prior to or during operational 
deployment cannot produce a reliable delay time 
and the safety of the system into which it is in- 
corporated may be compromised. Many poten- 
tial gasless delay compositions formulated with 
the ingredients shown in Table2 will not con- 
solidate well. For this reason, the choice of oxi- 
disers has largely been limited to ionic com- 
pounds such as barium chromate or potassium 
dichromate. Experience has shown that ionic 
solids tend to exhibit superior strength charac- 
teristics on pressing to covalently bonded sub- 
stances. However, in recent years, occupational 
health and safety (OH&S) issues related to the 
use of some of the ingredients used in delay 
compositions has initiated research on new for- 
mulations which do not incorporate toxic or car- 
cinogenic chemicals. Of particular concern are 
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Table 4. Burning Rates of a Tungsten Fueled Delay Composition System. 


Ingredient 


Percentage in Composition 


RLBR (s/cm) 15.8 


compounds containing bismuth, chromium(VI) 
or lead (i.e., the oxidisers used in most of the 
current gasless delay systems!) 


Chemistry of Gasless Delay Compositions 


Gasless delays are similar to thermites in 
that their combustion chemistry is based on the 
Goldschmidt reaction: 


M, + M,O > M,O a M, SE heat (5) 


where metal M, is oxidised to M,O by a metal 
oxide, M,O, which is, in turn, reduced to its 
metallic form M,. Over the years, many delay 
compositions have been developed for particu- 
lar applications and some likely chemical reac- 
tions of the simpler systems are: 


2 Sig + Pb;Oy.) > 2 SiOx, + 3 Pha 
Q,=149kI/g (6) 


2 Bo oF BinO36) =? B,O x) +2 Big 
O.=143kI/g (7) 


McLain”! notes that for a boron/barium 
chromate system, the oxidation product at the 
reaction temperature might predominantly be a 
gaseous sub-oxide such as BO rather than the 
expected oxide, B,O;. It is probable that sub- 
oxides do form as a result of these notionally 
gasless reactions, and this further stresses the 
need to check theory (or assumption) with prac- 
tical experimentation, particularly when attempt- 
ing to determine the stoichiometry of a system 
prior to deciding upon ingredient formulation. 
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Effect of Pressure on Gasless Delay 
Compositions 


Gassy delays, which must burn vented to the 
atmosphere because their burning rates are of- 
ten exponentially related to increasing pressure, 
tend to be extinguished in low-pressure envi- 
ronments. 


Gasless delay compositions however, will 
burn reliably at a relatively reproducible linear 
rate at both high and low pressures. Although 
gasless delays are normally burnt in a sealed 
system (that is, independent of the external en- 
vironment), high internal pressures can be gen- 
erated at the burning front by the hot reaction 
products from the igniter or from the combus- 
tion of the composition itself. Gasless delays 
are affected by pressure but unlike gassy sys- 
tems, the burning rate usually slows at moder- 
ate to high pressures and tends to achieve a re- 
gion where further pressure increase has little 
effect on the burning rate. In spite of this, the 
burning rate dependence on pressure of a sealed 
gasless system must still be considered if accu- 
racy and time reproducibility are to be attained. 
The burning rate of most pyrotechnic composi- 
tions increases with pressure according to 
Vieille’s law:"”! 


R=R,P" (8) 


where R is the burning rate at elevated (or re- 
duced) pressure, P is the pressure (in atmos- 
pheres) and R, is a constant (the burning rate at 
atmospheric pressure). The value n is specific 
to the system and varies from about 0.1-0.6, 
depending on the amount of gas produced by 
the combustion reaction. While this relationship 
has potential use in predicting the theoretical 
burning rate of pyrotechnic systems including 
gasless delays, the specific reaction dynamics 
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Burn Rate (mm/s) 
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o 


Pressure (MPa) 


Figure 6. Burning rate vs pressure curve for B/BaCrO,. 


of certain types of composition may introduce 
over-riding factors that, over certain pressure 
ranges, produce unpredictable changes in the 
burning rate. This means that the burning 
rate/pressure relationship for a particular delay 
formulation may need to be determined experi- 
mentally over a wide range of pressures. 


As examples, Figure 6 shows the experimen- 
tally determined burning rate/pressure relation- 
ship for a fast gasless delay composition con- 
taining boron and barium chromate (5/95 by 


Burn Rate (mm/s) 
oo 


weight). It can be seen that the curve, after a 
gradual slowing of the burning rate due to pres- 
sure increase, reaches a plateau region and fur- 
ther elevation of the combustion pressure to 
between 1.5—6 MPa has only a marginal effect 
on the burning rate. This classic relationship 
exhibits good agreement with Vieille’s law over 
this pressure range. This composition would be 
ideal for an internally pressurised delay element 
with a moderate free space. 


The relationship in Figure 7 however, is more 


3 4 5 


(o>) 


Pressure (MPa) 


Figure 7. Burning rate vs pressure curve for B/Si/KCr2O;. 
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complex, particularly over the pressure range 
up to about 2 MPa. This curve is for a relatively 
slow burning gasless delay formulation contain- 
ing boron, silicon and potassium dichromate 
(4/5/91), a composition that has been used in 
very accurate delay detonators for missiles. It 
can be seen that there is a sharp increase in the 
burning rate between 0.1 and 0.4 MPa; there- 
upon the burning rate slows until a minimum is 
reached at about 2 MPa. Beyond this level, the 
burning rate is relatively unaffected by further 
pressure increase. The peculiar behaviour of this 
composition is thought to be caused by the seal- 
ing effect of the molten oxidiser (MP 398 °C) 
and the differential pressures developed within 
the consolidated column as a consequence.'"®! 


In the illustrated system, if the free space or 
the ignition source chosen by the designer were 
such that the internal pressure was between 0.1 
and 2 MPa, the delay element could not be ex- 
pected to yield a reproducible time interval. It is 
therefore important to select a gas-producing 
igniter or set the free space above the delay col- 
umn in accordance with the burning rate/pres- 
sure relationship of the particular delay compo- 
sition, or to choose a composition in which the 
dependence is not as critical. 


The pyrotechnic composition database for 
the burning rate dependency on combustion 
pressure is very limited; therefore, each compo- 
sition must usually be tested according to the 
intended application and evaluated according to 
the general principles outlined above. 


The Pyrotechnic Delay Element 


In its simplest form, the gassy pyrotechnic 
delay element may consist of a length of Bick- 
ford fuse potted for example, into a container of 
flash composition. The fuse may be ignited di- 
rectly with a match or struck upon a matchbox 
if primed with a match composition. The fuse 
burns from one end to the other; the product 
gases exit the end of the fuse case, which is usu- 
ally made of hemp coated with pitch or plastic. 
Black Powder burns at a defined RLBR (about 
0.7 s/cm); therefore, the resulting delay interval 
is dependent upon the cut length of the fuse. 


In more complex designs, the formulation of 
the Black Powder itself can be altered if required 
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to slow the burning rate and produce longer 
times from a given column length. This can be 
achieved by the addition of modifiers such as 
excess charcoal, lactose or other sugars, or aca- 
roid resin to the mealed form of Black Powder, 
which is then pressed into a tube. 


A simple gasless delay element consists of a 
metal tube into which the delay composition is 
directly pressed at high compaction pressure to 
form a column. The tube is fitted at the ignition 
end with an ignition source (a percussion primer 
in the illustrated case in Figure 8). Beneath this 
is the free space; unless this volume is provided, 
combustion gases can overpressurise the system 
and eject the primer. A mechanical seal at the 
opposite end completes the assembly; this is 
normally designed to vent the combustion prod- 
ucts from the tube upon delay burnout to pro- 
vide an ignition transfer stimulus. 


Percussion 
primer 


Free 
space 


Pressed 
delay 
composition 


Closure 
seal 


Figure 8. A typical pyrotechnic delay element. 


When the primer is struck, ignition is trans- 
ferred to the top surface of the delay composi- 
tion (which may be primed in the case of slow 
burning delay compositions) and it commences 
to burn along the length of the column. As the 
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burning front approaches the end, the closure 
seal reaches a point where it can no longer with- 
stand the internal pressure and temperature. It 
fails and the hot combustion products, which are 
usually molten or incandescent species, are 
ejected from the tube. The time between primer 
strike and the ignition transfer stimulus is the 
delay interval, which is mainly determined by 
the type of composition and the length of the 
column. 


Thermal Sources 


Pyrotechnic delay systems are examples of 
the irreversible solid-solid interactions of fuels 
and oxidisers that are the basis of all pyrotech- 
nic reactions, however as has been said, other 
types of composition are deliberately designed 
to produce a hot molten slag that can be used 
for specific purposes. Such compositions are 
usually called thermites; the original thermite 
reaction was first patented by Goldschmidt!'” in 
1895: 


8 Al+3Fe,0O, > 4AL0;+9 Fe 
QO, = 3.68kI/g (9) 


The characteristics that distinguish a thermite 
reaction from other pyrotechnic reactions are: 


e an almost complete absence of gaseous re- 
action products after combustion 


e a high reaction temperature (typically 
2000-3000 °C) 


e the formation of a molten slag that can be 
used to burn, cut or weld 


Chemistry of Thermites 


In a Goldschmidt reaction, the thermal en- 
ergy produced is the total heat of formation of 
the products minus the total heat of formation 
of the reactants, minus the heat losses associ- 
ated with physical effects such as latent heats of 
fusion and vaporisation of the products. If the 
heat produced is greater than about 2.23 kJ/g, 
the reaction is likely to go to completion." 
While organic binders can be used in thermite 
compositions for special applications, some of 
the heat from the reaction will be lost due to the 
formation and ejection from the burning front 
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of endothermic gaseous products such as car- 
bon dioxide, water and nitrogen. 


Because the basic reaction is relatively sim- 
ple, it is possible to calculate the temperature of 
the reaction quite accurately. This is an invalu- 
able tool because a thermite formulation can be 
designed to match a particular requirement. The 
technique is as follows:!"?! 


Using the reaction 
2 Ali + Fex03.) > AlLOxg) + 2 Fe (10) 
Heat of Reaction, AH° 
= AH?® (Products) — AH° (Reactants) 
= (-1675.7) — (-824.2) 
= -851.5 kJ/mol 


It is possible to estimate the maximum theo- 
retical combustion temperature of a thermite 
reaction using the equation: 


O=mS(T,-1) (11) 


where Q is the heat of the reaction, m is the 
number of atoms in the final product, 7 is the 
final temperature, 7, is the initial temperature 
and S is the specific heat at constant pressure. 
For the sake of simplicity, the specific heat is 
given a value of 27.2 J/mol/deg,''*! which corre- 
sponds to the average specific heat of the metal 
up to its boiling point. This means that the spe- 
cific heat of the oxide formed is not considered 
in this calculation. Using data from equation 10 


298 — Tax = —851.5 X 1000/(27.2 X 7) 
therefore Tyax = 4770 K. 


which is comparable to the temperature of 
4382 K determined by Fischer and Grubelich.!"*! 


Uses for Thermites 


The military uses of thermites as incendiar- 
ies have largely been superseded by liquid in- 
cendiary materials. However thermites are cur- 
rently being used for the safe disposal of explo- 
sive ordnance whether used as a powder, putty, 
cast or pressed pellet form. Typical examples of 
thermite devices include incendiary grenades 
and the pyrotechnic torch (thermal lance). 
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In the industrial sphere, technology based on 
this reaction has been used to repair castings 
and to carry out butt-welding of railway lines. 


Alumino-thermic reactions have also been 
used to produce pure carbon-free metals such as 
chromium and manganese by the use of the ap- 
propriate oxidiser. For example: 


4 Al+3 MnO, > 2 ALO; +3 Mn 

Q,= 4.86 kI/g (12) 
Recently this technology has been expanded 
to include not only the manufacture of pure met- 
als but also alloys (aluminides, nickelides), re- 
fractories (borides, carbides, nitrides, silicides), 
complex oxides (niobates, tantalates, ferrites, 
cuprates), hydrides and phosphides. The process 
is called self-propagating, high-temperature syn- 
thesis (SHS).''*! The few examples following 

demonstrate the versatility of the SHS process: 


2 B,O; + C+ 6 Mg > BsC + 6 MgO + 
heat (13) 
3 NiO + 5 Al 3 NiAl+ Al,O3;+ heat (14) 


24 Fe + 2 BaO, + 170, > 2 BaO-6 Fe,O; + 
heat (15) 
Ingredient Selection 


Fuels 
When designing a thermite composition it is 
important to select a fuel: 
e with a high heat of combustion 
e that forms an oxide of low melting point 


and high boiling point. 


When chemical stability, cost and availabil- 
ity are considered along with the above criteria, 
aluminium is the optimum fuel (Table 6). How- 


Table 6. Key Characteristics of Some Thermite Fuels. 


Melting | Boiling | Specific 
Point of | Point of | Gravity 


Formula 
of Oxide 
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Heat of 
Formation of | Formula of Thermite (%) | Thermal 
Oxide Oxidiser 
(—kJ/mole) Fuel 
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ever magnesium is often added to improve ig- 
nitability, and titanium or zirconium included to 
achieve a showering incendiary effect. 


There is another class of fuel that is occa- 
sionally used for heat production, the intermet- 
allic compounds such as: ‘magnalium’ (a 50/50 
alloy of magnesium and aluminium), alumin- 
ium/nickel, aluminium/palladium, zirconium/ 
nickel, titanitum/boron, titanium/carbon, and cal- 
cium/silicon. The purpose of these fuels is usu- 
ally system-specific and one of the alloying 
components usually serves a function other than 
as a fuel in the reaction. 


Oxidisers 
When choosing an oxidiser, the following 
characteristics are important: 
e alow heat of formation 
¢ minimum oxygen content of 25% 
e ahigh density 


e the ability to reduce to a metal with a low 
melting point and high boiling point 


From Table 7, the best oxidisers for use in 
thermites are the oxides of iron, manganese and 
copper. Iron oxides are the cheapest to use but 
the slag formed in the Goldschmidt reaction has 
relatively low fluidity—this can be improved 
by the addition of sulphur or sulphides.""”! 


Improvements in Ignitability 


Alumino-thermic compositions have been 
found to be difficult to ignite and must be 
primed to ensure ignition transfer. There are also 
a number of other ways in which thermites can 


[16] 


Stoichiometric 


Output 
(Fe203) 
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Table 7. Characteristics of Some Oxidisers Used in Thermites."® 


Specific | Melting | Boiling Stoichiometric 

Gravity | Point of | Point of | Formula of Thermite (%) | Thermal 
a Output 

Oxidiser (kJ/g) 


be made to ignite more reliably, the final choice 
depending on cost and the intended application. 


General 


The original Goldschmidt reaction was based 
on the use of hammerscale, an oxide of iron 
(rust) of inconsistent composition. This formu- 
lation was particularly difficult to ignite; the 
problem was largely overcome by the use of the 
well-defined forms of iron oxide (including syn- 
thetic forms) and better control of oxidiser par- 
ticle size. In recent times, most thermite appli- 
cations have been limited to incendiary, explo- 
sive ordnance disposal (EOD), and cutting tech- 
nology. For these alumino-thermic devices, an 
ignition system has often had to be developed. 


Inclusion of Copper or Manganese Oxides 
into Iron Oxides 


Experimental observations have indicated 
that thermite compositions containing Fe;O, are 
easier to ignite than those containing Fe.O3. The 
reason is thought to be related to the crystal 
structure of the oxide, Fe;0, having an inverse 
spinel structure of the general classification 
AB,0,"7 


The inclusion of copper and manganese ox- 
ides as part of or all of the oxidiser content will 
also improve the ease of ignition of a thermite; 
one technique reported includes the copper ox- 
ide (CuO) and/or the manganese oxide (MnO,) 
in the crystal lattice as a ferritic structure. For 
example, the ferrite, CuFe.O,, can be prepared 
by heating a mixture of CuSO,5H,O and 
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Fuel (Al) 


FeSO,-7H,O in the appropriate _ ratios,!'*! 
McLain'"*! reports the calorimetrically measured 
heat of reaction for a 50:50 mix of CuFe,O, and 
Ti as 5.7 kJ/g, whereas for Fe,O; and Ti, the 
heat of reaction was only 3.67 kJ/g. 


Inclusion of Metal Oxides of High Specific 
Gravity 


The inclusion of oxidisers such as molybde- 
num oxide (MoO;), tungsten oxide (WO;) and 
lead oxide (Pb;0,) can be used to produce 
highly reactive thermite mixtures. These sys- 
tems can be very expensive and there may be 
OH&S concerns with their preparation, but 
their rapid burning rate ensures their use in very 
fast delays and in the ignition systems of infra- 
red decoy flares. Examples include B/MoO;, 
Zr/WO, and Si/PbO,. 


Inclusion of Salt Oxidisers - Thermates 


The addition of oxidisers such as nitrates 
and peroxides increases the heat of combustion 
and improves the mechanical strength of the 
pressed compositions. These oxidisers also in- 
troduce flame to the combustion (because of the 
amount of gas evolved) and usually make the 
composition more sensitive to mechanical stim- 
uli such as impact and friction. 


The inclusion of a nitrate oxidiser, usually 
barium nitrate, into a thermite improves both 
the ignitability of the formulation and increases 
target penetration due to gas production and the 
consequent projection of molten slag. Such a 
formulation is called a thermate. These have 
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Table 8. Explosive Sensitiveness Data for Typical Thermite Compositions. 


Hazards Assessment Data 
Type of Thermite Composition (%) T of | (°C) Ignition by electric spark 


Mg/Fe.03 (30/70) 


Plastic Thermite”®l 


Thermate Mg-Al/Ba(NO3)2 (40/60) 
Si/PbO/BizO03 (15/52/33) 


a Figure of Insensitiveness (RDX = 80). 


b Temperature of Ignition. 


Nil at 4.5 J 

Nil at 4.5 J 

100-100-50 Nil at 4.5 J 
0-0-0 0.01 J 


c Mallet Friction Test (Boxwood mallet on: Yorkstone-hardwood-softwood anvils, % ignitions from 10 


tests).?1 


been widely used in incendiary grenades, par- 
ticularly for explosive ordnance demolition 
(EOD) applications. 


Explosives Safety Hazards 


There is a misguided belief that thermite 
compositions are explosively insensitive. This 
is far from the truth and the variability of ex- 
plosives hazards assessment data for a range of 
different types of thermite compositions is em- 
phasised. Refer to Table 8. The burning rates of 
some thermite-type compositions are exceed- 
ingly rapid and the entire mass may explode 
upon initiation. 


From the data in Table 8 a magnesium- 
fuelled thermite could be considered to be rela- 
tively insensitive to most stimuli but the ther- 
mate composition is friction-sensitive and by 
contrast, the Si/PbO/Bi,O; system is electro- 
statically sensitive. 


Conclusion 


The technology associated with the design 
of pyrotechnic delays, which are used to pro- 
vide reliable time intervals, has been described 
in detail. The different practical applications of 
the two basic types of delay composition, 
‘gassy’ and ‘gasless’, have also been outlined. 


The reaction chemistry of gasless delays is 
similar to that of thermite compositions. Both 
systems are based on the Goldschmidt reaction, 
but a thermite mixture, containing a metal and a 
metal oxide, is specifically formulated to burn 
and liberate high amounts of thermal energy. 
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The Chemistry of Colored Flame 
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Introduction 


The focus of this chapter is the basic chem- 
istry of colored flame. However, without first 
understanding physically what colored light is, 
how it originates, and the classical laws of addi- 
tive color mixing, a discussion of the chemistry 
would be of limited value. Accordingly, approx- 
imately the first half of this chapter is devoted 
to presenting such background information. 
Readers already possessing such basic informa- 
tion are encouraged to skip to later sections. 


This chapter is an update of two articles writ- 
ten by the authors more than 20 years ago.!' 7! It 
also draws heavily on the excellent work of many 
others.°°”! Additionally, this chapter includes 
much information that can be found in a host of 
general physics and chemistry texts. However, 
only where the information in this chapter is 
attributed to a small number of authors has an 
attempt has been made to provide specific ref- 
erences. 


The Nature of Light 


Understanding the basic nature of light is 
one of the important prerequisites, and taking 
an historical approach is a useful way to struc- 
ture this discussion. 


Before the seventeenth century, light was 
generally believed to consist of streams of tiny 
particles, or corpuscles, traveling between the 
light source and one’s eye. According to this 
corpuscular theory of light, the way a person 
saw things was that light corpuscles bounced 
off objects and then traveled to their eye. Being 
particles, light corpuscles had to travel in straight 
lines, unless acted on by outside forces, such as 
gravity. However, beginning in the mid-seven- 
teenth century, experiments began to reveal 
properties of light that could not easily be ex- 
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plained using the corpuscular theory of light. 
For example, in both refraction and diffraction, 
beams of light bend away from their original 
straight lines, yet there were no known forces 
acting on them. If, however, light consisted of 
waves, then the properties of refraction and dif- 
fraction would not only be allowed, they would 
be expected. Thus the wave theory of light gradu- 
ally replaced the earlier corpuscular theory. 


The wave theory seemed satisfactory for 
about 200 years, until near the end of the nine- 
teenth century. At that time, the wave theory 
still served well to explain all the properties of 
light concerned with its propagation from place 
to place. However, there were newly observed 
properties, concerning the ways in which light 
was emitted and absorbed, that could not be 
explained if light consisted of simple waves. 
For example, when the spectrum of light emit- 
ted by incandescent bodies was analyzed in a 
precise manner, it was found to be different 
from that predicted by the wave theory. How- 
ever, the death blow for the wave theory (and 
what won Albert Einstein a Nobel Prize) was the 
explanation of the photoelectric effect. In the 
wave theory, the energy of light is proportional 
to the amplitude of the waves, yet in explaining 
the photoelectric effect it was clear that the en- 
ergy of light was proportional to its frequency 
and not its amplitude. This was so far from be- 
ing allowed by the wave theory that the simple 
wave theory had to be abandoned. 


The observations regarding the photoelectric 
effect are consistent with light being discrete 
packages of energy, with the energy of each 
packet being proportional to frequency. The 
idea of these light packets sounds a lot like light 
corpuscles, but with a new twist; these packets 
now have a frequency—and therefore a wave- 
length—associated with them. This is some- 
thing like a cross between a particle and a wave. 
That is to say, these light packets have some 
properties that are wave-like (they have a fre- 
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quency and wavelength) and some properties that 
are particle-like (they exist as discrete entities— 
each with their own discrete energy). This is the 
quantum theory of light, in which: 


¢ Light is emitted and absorbed as if it con- 
sisted of discrete entities, now called pho- 
tons; 

- Light is propagated from place to place as 
if it consisted of waves with a definite fre- 
quency and wavelength; and 


e Photons carry an amount of energy that is 
proportional to their frequency. 


There is no analog to photons in everyday ex- 
perience. Figure 1 is a simplistic attempt to rep- 
resent the packets of wave energy (photons) of 
the quantum theory of light. Quantum theory is 
the current theory of light and is also the basis 
for understanding the atom. 


Candle 


Figure 1. An attempt to illustrate the quantum 
theory of light. 


As a matter of convenience, in the early por- 
tions of this chapter, photons will most often be 
described in terms of the energy they possess; 
whereas later they will generally be described 
using their wavelength. This is acceptable be- 
cause a photon’s energy (£,), frequency (v) and 
wavelength (A) are uniquely related by the 
equation: 


E,=hv=helh, (1) 


where, / is a constant (Planck’s constant, which 
equals 6.63 x 10°" Joule second) and c is the 
speed of light (3.00 x 10° meters per second). 
After specifying any one of the three properties 
of a photon (energy, frequency, or wavelength), 
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the others are fixed and can be calculated if de- 
sired. 


Light is often considered to be only that to 
which one’s eyes respond (i.e., those photons of 
the necessary wavelength to evoke visual sensa- 
tions). However, the definition could be ex- 
panded to include invisible light: infrared and 
ultraviolet light. Infrared light photons are less 
energetic (have somewhat longer wavelengths) 
than visible photons, and ultraviolet photons are 
more energetic (have shorter wavelengths) than 
visible photons. There are no fundamental dif- 
ferences between infrared, visible and ultravio- 
let light photons; they just have different wave- 
lengths, and those wavelengths are continuous 
(i.e., there are no wavelength gaps between what 
are called infrared, visible and ultraviolet light 
photons). 


The world is full of photons with substantially 
longer wavelengths than infrared (e.g., micro- 
waves and radio waves) as well as photons with 
wavelengths shorter than ultraviolet (e.g., X-rays 
and gamma rays), see Figure 2. All these pho- 
tons are fundamentally the same thing (packets 
of electromagnetic wave energy), and one would 
be justified in calling them all by the same 
name. However, for this chapter, light shall be 
defined as only those photons that are usually 
termed infrared, visible and ultraviolet light. 


Note that for radio waves the amount of en- 
ergy carried bya single photon is extremely small 
and the wavelength is huge. It would be practi- 
cally impossible to detect a single radio wave 
photon. Consequently radio waves are found to 
behave mostly like waves, not particles. Con- 
versely single gamma-ray photons carry a com- 
paratively enormous quantity of energy. A sin- 
gle gamma ray photon can easily make its pres- 
ence felt, but the wavelength is so small that the 
wavelike properties are very difficult to discern. 
Thus gamma rays behave essentially like ener- 
getic particles. Light photons are in between 
radio waves and gamma rays; individual photons 
carry enough energy to make their presence felt 
(e.g., photo-electric effect and photochemistry), 
but the wavelength is still sufficiently long for 
the wavelike properties to be evident (e.g., re- 
fraction and diffraction). 
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High Energy Photons 
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Low Energy Photons 


Figure 2. An illustration of the continuous 
range of photon wavelengths and the 
descriptive terms for those photons. 


More Quantum Theory 


Beyond explaining the nature of light, quan- 
tum theory is basic to our current understanding 
of physics, especially atomic physics. In particu- 
lar, quantum theory provides the explanation of 
the mechanism through which light is generated, 
including colored light from pyrotechnic flames. 


One of the major tenets of quantum theory is 
that all bound systems are quantized. Bound 
systems are systems that are constrained to stick 
together in some manner. Some examples of 
bound systems are electrons whirling about an 
atom, a rotating fireworks wheel, and the moon 
orbiting the Earth. In each case, some force 
holds the system together: electrostatic attrac- 
tion between electrons and the nucleus of an 
atom, tension transmitted through the spoke(s) 
of the fireworks wheel, and gravity between the 
Earth and moon. Quantum theory establishes 
that each of these bound systems is quantized. 
That is, bound systems cannot have just any 
amount of energy; rather they can only have 
certain “allowed” amounts of energy. In terms 
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of energy, this is a little like climbing a ladder, 
where one’s potential energy increases as one 
advances up the ladder. In this analogy, one can 
stand on any rung they wish and can have that 
amount of potential energy, but one cannot 
stand half way between two rungs. If one were 
to try, they would immediately fall to the next 
lower rung. It is the same way with bound sys- 
tems; each can have any of a number of allowed 
energies but none of the energies between those 
allowed. In this way, the range of energy values 
for bound systems is discrete (quantized) and is 
not continuous. 


When a bound system has one of its allowed 
energies, it is said to exist in a particular energy 
level or energy state. Energy levels are often 
described using energy level diagrams, like the 
one illustrated in Figure 3. The lowest energy 
level is called the ground state and levels with 
higher energies are called excited states. The 
system being described in the energy level dia- 
gram can have energies corresponding to any of 
the allowed states, but it is “forbidden” to have 
any of those energies between the allowed en- 
ergy states. If we try to provide the system with 
enough energy to raise it to one of the forbidden 
energies, the system will accept only enough 
energy to reach the next lower allowed state. 
Bound systems also normally exist in the lowest 
possible energy state. Thus, if a system is given 
enough energy to reach an excited state, gener- 
ally it will soon give up that energy, dropping 
to lower energy states. 
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Figure 3. An illustration of an energy level 
diagram for a bound (quantized) system. 
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When a system gains or loses energy, it is 
called an energy transition. In energy level dia- 
grams, energy transitions are typically shown as 
arrows between the energy levels involved. 
Figure 4 is an illustration of the energy level 
diagram of a bound system, including a series 
of energy transitions beginning with the system 
in its ground state. The first transition (shown 
as a bold upward arrow) goes from the ground 
state to the uppermost excited state. Thereafter 
the system loses energy through two energy 
transitions (shown as bold downward arrows in 
Figure 4), dropping back to the ground state. 
Note that it is not necessary for the system to 
pass through each intermediate energy state 
during an energy transition. In this example, the 
first transition (upward) skipped two intermedi- 
ate levels and the final energy transition passes 
from the second excited state directly to the 
ground state, without passing through the first 
excited state. 


Energy 
Transition 


Figure 4. Illustration of transitions between 
energy levels. 


In the discussion thus far, systems have been 
described as having energy, without specifying 
the form of that energy. The energy can be in the 
form of motion within the system—as in a whirl- 
ing fan blade (kinetic energy), and it can be in 
the form of stored energy—as in a compressed 
spring (potential energy). Using an example from 
fireworks, consider a simple wheel. The fire- 
works wheel is a bound system because it is 
constrained from flying apart by the connecting 
spokes between its propulsive drivers. If quan- 
tum theory is correct, then the energy of this 
system must be quantized and can have only 
certain allowed values. In the case of a fireworks 
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wheel, its energy is kinetic energy in the form 
of its spinning motion, and the amount of en- 
ergy is a function of its rate of spinning. Ac- 
cordingly, quantum theory predicts that only 
certain allowed rates of spinning are possible 
and that spin rates between the allowed rates 
simply are not possible. This seems to contra- 
dict what is observed in everyday experience. It 
appears that the wheel can be made to spin at 
whatever rate one wishes and that the rate of 
spinning varies continuously, not in steps. For 
this fireworks wheel, it is not that the allowed 
energies and the steps between them do not ex- 
ist; it is just that for objects as large as a wheel, 
the allowed energies are so very close together 
that one cannot observe the energy steps even 
with the most sensitive scientific instruments. 
For all bound systems large enough to be seen 
with one’s eyes, the quantum energy steps are 
so small as not to be directly observable. 


If one can never hope to directly observe 
quantum effects on those objects in the world 
about us, one might wonder what use is quan- 
tum theory. In the submicroscopic world of at- 
oms and molecules, the quantum steps between 
allowed energy levels can be relatively enor- 
mous, and quantum effects are not only observ- 
able but are paramount. It is in the submicro- 
scopic world of atoms and molecules that light 
is generated. To understand and work effec- 
tively with light generating processes in pyro- 
technics, it is necessary to have at least a gen- 
eral understanding of quantum theory. 


Atomic Line Spectra 


Consider the example of an atom of hydro- 
gen as illustrated in Figure 5. (Note: in Figure 5 
the relative size of the nucleus has been greatly 
exaggerated, and the electron orbitals have been 
grossly simplified.) The hydrogen atom is the 
simplest of all atoms. It has a nucleus that con- 
sists of a single proton with a positive charge. 
Traveling about this proton is a single electron 
with a negative charge. The electron is not free 
to travel just anywhere, rather it is constrained 
by an electrostatic force of attraction between 
the opposite electron and proton charges. Ac- 
cordingly the hydrogen atom is a bound system, 
and its energy states will be quantized. The re- 
gion in the space around the nucleus where an 
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electron can reside is called an orbital. The size 
(and shape) of these orbitals is a function of the 
energy possessed by the electron. In the ab- 
sence of external influences, the electron in a 
hydrogen atom resides in the lowest or ground 
state. As energy is supplied to the atom, the 
electron can occupy higher energy excited states, 
by moving to orbitals that are on average far- 
ther from the nucleus. In pyrotechnics, this en- 
ergy would usually be supplied as thermal energy 
produced by chemical reactions in a flame. (This 
energy is transferred to an electron as a result of 
collisions between the various atoms and mole- 
cules in the flame.) To give an idea of just how 
large an energy step exists between hydrogen’s 
ground and first excited states, it would require a 
flame temperature approximately twice as great 
as that generated in a typical pyrotechnic flame 
to readily supply the energy for this transition. 
Unlike the fireworks wheel example, quantum 
effects were not observable, where the quantum 
effects for a hydrogen atom simply cannot be 
ignored! 
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Figure 5. A greatly simplified illustration of a 
hydrogen atom. 


If a hydrogen atom has received enough en- 
ergy to have reached an excited state, providing 
more energy were available, it could absorb an 
additional amount of energy to move its elec- 
tron to an even higher excited state. This corre- 
sponds to the electron moving to an orbital even 
further from the nucleus. The energy required 
for a transition to each successively higher ex- 
cited state is less than that required for transi- 
tions between lower excited states. (For atoms, 
as a general rule, the gaps between each succes- 
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sively higher excited state become less as sug- 
gested in Figure 4.) 


However, rather than the hydrogen atom ab- 
sorbing additional energy, it is more likely that 
the hydrogen atom will experience a transition 
back to a lower energy state instead. This can 
happen in either of two ways: the atom can trans- 
fer its energy to another atom or molecule ina 
collision, or occasionally the released energy will 
be carried off in the form of a photon of light. 
In the energy level diagram of Figure 6, the light 
photon emitted—as the atom decays back to its 
ground state—is shown as a wavy arrow to the 
side. The energy of this photon (£,,) is equal to the 
energy difference between the two energy levels 
involved in the transition (1.e., energy is con- 
served during transitions between energy levels). 


Wir 
tL Light Photon 
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Figure 6. Light being emitted by an excited 
atom when it decays to a lower energy state. 
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If a hydrogen atom is in its second excited 
state, it has some alternatives regarding possible 
transitions back to the ground state. The transi- 
tion could go directly to the ground state emit- 
ting a single photon, or it might transition as a 
two step process, passing through the first ex- 
cited state, thus potentially emitting two lower 
energy photons, see Figure 7. This process of 
atoms emitting light photons is typical of one 
type of light production in pyrotechnic flames. 
In this process, atoms absorb thermal energy 
from a flame causing some of their electrons to 
occupy excited states; then as the electrons drop 
back to lower energy states, light photons may 
be generated. In each case, the energy of an 
emitted photon is exactly equal to the energy 
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difference between the energy levels involved 
in the transition, as shown in Figure 7. 


Ev =E,-E, 


Figure 7. Competing atomic transitions 
between energy levels. 


While atoms of different chemical elements 
each have a different set of allowed energy 
levels, the energy levels of all atoms of the 
same chemical element will have exactly the 
same set of precise values. If a sample contain- 
ing a large number of atoms of one chemical 
element is supplied with sufficient excitation 
energy, electron transitions will occur and pho- 
tons will be emitted. If an instrument were used 
to analyze the number and energy of the emit- 
ted photons, and if a graph were to be made of 
that data, something like Figure 8 would be 
produced. At most energies, it would be ob- 
served that no photons are emitted (correspond- 
ing to zero photons on the graph). Only at a 
relatively small number of very precise energies 
are photons observed, and those energies corre- 
spond to the differences between that type of 
atom’s allowed energy states. It is because all 
of the photons emitted by that chemical element 
have one of a specific set of very precise ener- 
gies, that gives the appearance of vertical 
“lines” in an otherwise empty graph. The length 
of each vertical line depends on the relative 
number of photons emitted with that energy, 
which will generally differ from line to line. 
(The intensity of the individual lines depends 
on details of quantum theory that are beyond 
the scope of this chapter.) 
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Infrared Ultraviolet 


Yellowish Orange 


No. of Photons 


Photon Energy 


Figure 8. An illustration of a hypothetical 
atomic line spectrum appearing yellowish 
orange in color. 


Had a different chemical element been used, 
the graph would appear somewhat similar; 
however, the energies at which photons are ob- 
served would not be the same because the set of 
allowed energy levels would not be the same. A 
graph such as that in Figure 7 is a representa- 
tion the spectrum of light emitted by atoms of 
that element and is usually referred to as an 
atomic line spectrum. 


If a sufficient number of the photons emit- 
ted by excited atoms have energies that fall in 
the range of visible light, then an observer 
would see those emissions. If the emitted pho- 
ton energies fall predominately in one part of 
the visible light spectrum, the light will appear 
colored to the observer. For example, in Fig- 
ure 8, there are four lines in the spectrum. The 
lowest and highest energy photons fall in the 
infrared and ultraviolet portions of the light 
spectrum; thus they are not visible to an ob- 
server. (In the upper portion of Figure 8, the 
squiggly lines used to separate the visible spec- 
tral region from the ultraviolet and infrared re- 
gions are intended to indicate that the limits of 
the range of photons that are visible do not cut- 
off sharply but rather fade gradually to invisi- 
bility.) The other two spectral lines in Figure 7 
fall about one third the way through the visible 
region. These emissions would be seen and, as 
will be discussed later, would appear yellowish- 
orange in color. 
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Molecular Band Spectra 


The most useful sources of colored flame 
emissions in pyrotechnics originate from mole- 
cules, rather than atoms. Thus it is necessary to 
continue the discussion of quantum theory with a 
look at molecules. Figure 9 is a greatly simplified 
illustration of a molecule of hydrogen gas (Hz), 
where the protons (nuclei) of the two hydrogen 
atoms are bound together by the forces produced 
by the pair of electrons occupying an orbital 
around the two nuclei. Similar to atoms, the 
electrons in molecules can be excited to higher 
orbitals and can emit photons as the electrons 
decay back to lower energy states. While the ba- 
sic mechanism of light production is the same as 
with atoms, there is an important difference in 
the spectrum of photons emitted by molecules. 
Whereas the energies of emitted photons by at- 
oms have precise values giving rise to lines in 
their spectra (spectra is the plural of spectrum); 
in molecular spectra the energies of emitted pho- 
tons have numerous values that cluster tightly 
in groups giving rise to bands in their spectra. 
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Figure 9. A greatly simplified illustration of a 
hydrogen molecule. 


Like the lines in an atomic spectrum, the 
bands in a molecular band spectrum can be un- 
derstood using quantum theory. In a molecule 
of hydrogen, in addition to the electrons being 
bound to the atoms of the molecule, the atoms 
are bound to each other in an arrangement some- 
what like the fireworks wheel discussed earlier. 
Like the wheel, the hydrogen molecule can rotate 
(see Figure 10A). However, unlike the wheel 
with its rigid framework, the molecule is flexible. 
It is possible to conceptualize the chemical bond 
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between the two hydrogen atoms as something 
like a spring, as suggested in Figure 10B. Like 
a spring, the hydrogen molecule can also bend 
and stretch, giving rise to these types of vibra- 
tional motion, as suggested in Figure 10C. 


A. Rotational Motion 


B. Spring Analogy 
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Chemical Bond 
(Spring) 


C. Vibrational Motion 
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Figure 10. An illustration of a hydrogen 
molecule, with the chemical bond 
conceptualized as a spring and showing 
rotational and vibrational motions. 


Because the pair of hydrogen atoms of the 
molecule are bound to each other, they also con- 
stitute a bound system. Thus their rotational and 
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vibrational motions are quantized and can only 
take on certain allowed amounts of energy. The 
molecule can vibrate (or rotate) a little and be in 
a low energy vibrational (or rotational) state, or 
it can move more vigorously and be in higher 
energy states. Just as an energy level diagram 
can be drawn showing electron energy levels, 
energy level diagrams can also be drawn show- 
ing rotational and vibrational energy levels. 
However, the spacing between the three types 
of energy levels is significantly different. Recall 
that the spacing between the electron energy 
levels started out quite large but got smaller as 
one progressed to higher levels. In contrast, the 
spacing between vibrational energy levels is 
much less than the spacing between electron 
energy levels and the spacing remains approxi- 
mately constant as one progresses to higher en- 
ergy levels. The spacing between rotational en- 
ergy levels is even less than that between vibra- 
tional levels, and the spacing increases as one 
progresses to higher energy levels. 


Like an atom, a molecule must always be in 
one of its set of allowed electron energy states: 
the ground state or one of its excited states. 
However, a molecule must also be in one of its 
set of allowed vibrational energy states and in 
one of its set of allowed rotational energy 
states; with the overall energy of the molecule 
being the sum of its electron energy, plus its 
smaller vibrational energy, plus its even smaller 
rotational energy. Thus an energy level diagram 
for a molecule will still have ground and ex- 
cited electron states with spacings similar to 
those in an atom, see the left side of Figure 11. 
However, independent of its electron energy 
state, the molecule can exist in any number of 
vibrational energy states. Accordingly, added to 
each electron state in the energy level diagram 
will be a set of vibrational energy levels, each 
with slightly different energies. The center of 
Figure 11 is an attempt to show an expanded 
view of one electron level, with that electron 
energy level seen to be broken into a number of 
relatively closely spaced vibrational energy lev- 
els. Similarly, added to each vibrational energy 
level is a set of rotational energy levels. At the 
right in Figure 11 is an expanded view of a sin- 
gle vibrational level, with that vibrational level 
further broken down into a set of rotational en- 
ergy levels. The net effect of having a set of 
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very narrowly spaced rotational energy states 
added to each vibrational state and that added to 
each electronic state, is to have a series of al- 
lowed energy bands (very closely spaced en- 
ergy levels), with each band starting with the 
energy of one of the electron energy levels. 
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Figure 11. An expanded view of molecular 
energy levels (bands) composed of electron 
levels that each have added to it a series of 
vibrational levels and each of the vibrational 
energy levels have a series of rotational levels. 


When a molecule receives energy and is 
raised to an excited state, it can occupy any of 
the energy levels within one of these bands of 
closely spaced levels. Similarly, when the mole- 
cule loses energy in a transition back to a lower 
energy state, it can also occupy any of a large 
number of energy levels in that band, see Fig- 
ure 12. Photon energies given off during transi- 
tions to lower energy states are still equal to the 
energy difference between starting and ending 
states. However, because there are numerous 
slightly different starting and ending energy 
levels possible for any energy transition, a very 
large number of photon energies, differing only 
very slightly from each other, will be observed. 
For example, consider an energy transition that 
occurs between a level near the bottom of a 
band of excited states and the top of the band of 
lower states. The photons produced will have a 
little less energy (£,) than had the transition 
ended at an energy level near the bottom of the 
band of lower energy levels (£’,). Further, had 
the transition started from an energy level near 
the top of the band of excited states and ended 
at the bottom of the lower level, the energy of 
the emitted photon (E”,) would have been a 
little greater yet, see Figure 12. 
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Figure 12. Energy transitions in molecules 
produce photons with a range of closely spaced 
energies. 


While each different type of molecule has a 
different set of energy levels, the energy levels 
for all molecules of the same chemical species 
have exactly the same set of energies. If a sam- 
ple containing a large number of molecules of 
one type is supplied with sufficient excitation 
energy, electron transitions will occur and pho- 
tons will be emitted. If an instrument were used 
to analyze the number and energies of the emit- 
ted photons, a graph of those results would look 
something like Figure 13. 
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Figure 13. Illustration of a hypothetical 
molecular band spectrum appearing violet-blue 
in color. 


Similar to what is seen for atoms, at many 
energies, it would be found that no photons are 
emitted (zero on the graph). In regions around a 
relatively small number of different energies, 
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photons are observed, with energies correspond- 
ing to the differences between allowed energy 
states for that type of molecule. (That photons 
are emitted in bands of slightly differing energy 
is in contrast with atoms where the photons all 
have one of a set of precise energies.) A graph 
such as Figure 13 is a representation of the type 
of light spectra emitted by molecules and is usu- 
ally referred to as a molecular band spectrum. 
The photons have ranges of energies that give the 
appearance of bands in an otherwise empty graph. 


Had a different type of molecule been used, 
the graph would appear somewhat similar; how- 
ever, the energies at which the photons are ob- 
served would not be the same because the spe- 
cific set of allowed energy levels are different 
for different molecules. 


If sufficient numbers of photons are emitted 
by the excited molecules, and they have energies 
that fall in the range of visible light, then an 
observer would see the emissions. If the emitted 
photon energies fall predominately in one part 
of the visible light spectrum, that emitted light 
will appear colored. For example, in Figure 13, 
there are four lines in the spectrum. The lowest 
and highest energy photons fall in the infrared 
and ultraviolet portions of the light spectrum, and 
thus are not visible to an observer. The other two 
molecular bands fall in the visible region, near 
the ultraviolet end. These emissions would be 
seen and, as will be discussed later, would ap- 
pear violet-blue in color. 


Sources of Continuous 
Spectra from Flames 


With regard to fireworks, the two light gen- 
erating mechanisms discussed thus far have the 
desirable characteristic of being able to produce 
intensely colored light. Unfortunately, two other 
light generating mechanisms operate in flames 
that have a deleterious effect on color quality. 
These result from the generation of light photons 
with a continuous and wide range of energies 
generally throughout the visible spectrum. The 
effect of these continuous emissions is a wash- 
ing-out of flame color, possibly ruining an oth- 
erwise excellent colored flame effect. (The rea- 
son for this washing-out of color is discussed 
later in this chapter.) 
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The first mechanism for generating a con- 
tinuous spectrum in a flame can be understood 
using energy level diagrams similar to those used 
to explain the origin of atomic line and molecu- 
lar band spectra. When discussing the energy 
level diagram for atomic hydrogen, it was men- 
tioned that the separation between each succes- 
sively higher electron energy level decreased. 
The energy gaps between the levels continue to 
decrease until the gaps vanish at some limiting 
value. This limiting value is called the ionization 
energy for the atom (or molecule). If the atom 
acquires enough energy for one of its electrons 
to exceed this ionization energy, that electron is 
energetic enough to escape the atom completely, 
see Figure 14. (Ionization of an atom can be 
conceptualized as something vaguely like a space 
ship breaking out of Earth orbit.) The result of 
ionization is a free electron (no longer bound to 
the atom) and an ion (a charged atom). What 
was originally a completely bound atomic sys- 
tem has become unbound with regard to the 
free electron. As a result, the energy of the free 
electron is no longer quantized and it is able to 
possess any of the continuous range of energies, 
shown as the shaded area in Figure 15. 
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Figure 14. A much simplified illustration of an 
ionized lithium atom. 


As mentioned above, atoms do not normally 
persist in excited electron states; they quickly 
undergo transitions to return to their ground state 
(de-excitation). Similarly, free electrons and ions 
tend to recombine, thus dropping to lower en- 
ergy states. Upon their recombination, the energy 
can be carried off in the form of photons, but 
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Figure 15. An illustration of an energy level 
diagram for a lithium ion 


with one important difference. Because the free 
electrons were initially unbound, their starting 
energy was not quantized. Accordingly, upon 
their recombination, even though the re-formed 
atom ends-up in quantized energy states, the en- 
ergy of photons produced will not be unique, see 
Figure 16. The result is that the photon energies 
can range widely with absolutely no gaps in the 
energy they possess. Thus the spectrum from 
ion-electron recombination is continuous, rather 
than a line or band spectrum such as produced 
by atoms and molecules, respectively. 


While on the subject of ions, it should be 
mentioned that ions are still quantized systems 
for those electrons that remain bound to the 
ion’s nucleus. Everything that was said about 
atoms and molecules still applies to electron 
transitions within atomic and molecular ions. It 
is only when ions recombine with free electrons 
that continuous spectra result. 


The second mechanism by which continuous 
spectra are generated is through incandescence. 
To explain incandescence properly, it would be 
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Figure 16. Ion recombination starts with free 
electrons possessing energies that are not 
quantized, resulting in a broad and continuous 
range of possible photon energies. 


necessary to expand the discussion of quantum 
theory significantly. Fortunately, it is not neces- 
sary to understand the quantum origin of incan- 
descence. It is sufficient to know that it occurs 
and a little about how it manifests itself. At the 
temperature of pyrotechnic flames, gases do not 
incandesce (glow), only solids and liquids incan- 
desce. Such objects are seen to glow because they 
are emitting photons that are in the visible range. 
As the temperature of the incandescent body 
increases, two things happen; it glows brighter 
and the average energy of the emitted photons 
increases. In pyrotechnics, any non-vaporized 
material that is present in flames will incandesce, 
producing a continuous spectrum that can seri- 
ously wash-out flame color. 


Even the extremely tiny bits of reaction 
products that finally end up as smoke particles 
consist of many billions of atoms collectively 
bound together. When this is the case, it is no 
longer appropriate to treat the individual atoms 
of such enormously large clusters of atoms as 
individual entities in the solid. Rather quantum 
theory treats the particle as a whole. The net 
effect of having a system consisting of many 
billions of atoms is a near complete merging of 
the individual energy levels of the atoms in the 
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particle. It might be conceptualized as an ex- 
treme example of what happens when two hy- 
drogen atoms combine to form a hydrogen mole- 
cule. Recall that what started out as relatively 
few precisely defined energy levels for hydro- 
gen atoms, became bands of energy levels when 
just two atoms combined to form a hydrogen 
molecule. Now consider a smoke particle with 
billions of atoms bound together. The result is 
not just a slight broadening of the atomic en- 
ergy levels, but rather the introduction of many 
billions of additional energy levels that effec- 
tively merge into a continuum, see Figure 17. 
Accordingly, when a smoke particle is thermally 
excited and there are transitions back to lower 
states, the smoke particle can assume any of these 
myriad of states. The result is that the emitted 
photons can have essentially any energy whatso- 
ever; creating a continuous spectrum, see Fig- 
ure 18. (The reason for the shape of the continu- 
ous spectrum is beyond the scope of this chapter. ) 
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Figure 17. An illustration of what the energy 
level diagram of an incandescent particle might 
look like. 


Because the range of emitted photons is both 
continuous and broad, at typical flame tempera- 
tures, it is not possible for the light emissions 
from incandescence or ion recombination to 
predominate in any one portion of the visible 
spectrum. Accordingly, at these temperatures it 
is not possible for incandescence or ion recom- 
bination to contribute to producing richly col- 
ored flame emissions. These types of emission 
can only serve to weaken (wash-out) flame color. 
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Figure 18. An illustration of a continuous 
spectrum such as might be produced by a high 
temperature incandescing particle. 


A Further Introduction to 
Color and Spectroscopy 


To conform to a common practice in spec- 
troscopy, in the remainder of this chapter, light 
photons will generally be characterized by their 
wavelength rather than their energy as was done 
in the previous sections. This is acceptable be- 
cause, aS you may recall from the discussion 
about the nature of light, there is a unique one- 
to-one relationship between a photon’s wave- 
length and its energy. Also, what might be called 
a classical approach will be taken in discussing 
pyrotechnic flame color, even though there is a 
relatively recent theory of the perception of 
color’! that expands the understanding of 
color perception beyond the classical treatment. 
This was done because the classical approach 
correctly predicts the perception of color in most 
situations, and it provides a relatively simple 
framework from which to discuss colored flames. 


Inthe seventeenth century, Newton observed 
that a beam of white light falling on a prism 
could be made to separate into a continuous 
series of colors, now called the visible light 
spectrum, see Figure 19. While he was at a loss 
to explain the physical basis for his observa- 
tions, his work laid the foundation for under- 
standing color, and he developed the first laws 
of additive color mixing. 
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Figure 19. An illustration of Newton’s 
observation that a prism can be used to 
separate the color components of white light. 


The colors that Newton saw in his experi- 
ments ran from violet (bent most by the prism) 
through blue, green, yellow and orange, to red 
(bent least). The colors were continuous; there 
were no gaps and they graded smoothly from 
one color to the next. If the colored light from 
the prism were made to fall on a white screen, a 
more conventional view of the color spectrum 
results, see Figure 20. Squiggly lines have been 
added to denote the approximate limits to the 
various spectral colors as might be perceived by 
a typical observer. These squiggly lines are arti- 
ficial and do not appear in a real spectrum. They 
are used to help make the point that different 
individuals are likely to disagree as to exactly 
where the colors change, for example from yel- 
lowish-orange to orangish-yellow. Approximate 
wavelengths corresponding to the various colors 
are also included in Figure 20 and are summa- 
rized in Table 1. The wavelengths are given in 
nanometers (one billionth of a meter and abbre- 
viated as nm). 


It is important to understand what the prism 
has done. It has not changed white light into 
colored light; the light that originally appeared 
white was already a combination of the differ- 
ent colors (wavelengths). What the prism did 
was to cause the variously colored components 
of white light to be bent at different angles as 
the light passed through the prism. This resulted 
in the various colored components diverging 
from each other and falling on different parts of 
the screen. That is to say, no single wavelength 
(energy) of light photons will appear white to 
an observer. Whenever we see something as 
white, it is because our eyes are receiving the 
proper combination of colored light to be men- 
tally interpreted as white. 
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Figure 20. An illustration of the colors of 
the visible light spectrum. (Wavelengths are 
approximate and to the nearest 5 nm.) 


Table 1. Approximate Wavelength Range 
for Spectral Colors. (To the nearest 5 nm.) 


Perceived Wavelength 
Color Range (nm) 


Yellow 
Green 
Blue 
Violet 


Beyond the short wavelength limit of violet 
and the long wavelength limit of red, Newton 
observed the spectrum to fall dark. These are 
the ultraviolet and infrared regions of the light 
spectrum, respectively. It is not that there are no 
light photons that fall in these dark regions; it is 
just that our eyes are not sensitive to light of 
these wavelengths. 


For the purpose of this chapter, color will be 
defined as those visual sensations produced in 
the brain of an observer when viewing any com- 
bination of light sources having wavelengths in 
the visible region of the spectrum. As such, 
color is defined as a psychological reaction to a 
visual stimulus and truly only exists in the mind 
of the viewer. There are two reasons why this 
subjective definition was chosen rather than at- 
tempting a precise physical definition involving 
specific photon wavelengths. First, this defini- 
tion is consistent with our modern understand- 
ing of how individuals perceive color.'* **! Sec- 
ond, it is possible to produce most color sensa- 
tions in many different ways, using combina- 
tions of different wavelengths of light. Accord- 
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ingly, contrary to what might seem to be im- 
plied by Figure 20 and Table 1, most colors are 
not uniquely quantifiable in the sense of being 
able to characterize color based on a unique set 
of physical properties (e.g., photon wavelengths). 


The fact that most color sensations are not 
uniquely related to the wavelength of light en- 
tering one’s eyes is especially important in un- 
derstanding color flames and dealing with the 
problem of improving their quality. This can be 
confusing to grasp because for some special 
color sensations there is a unique relationship 
between perceived color and wavelength. This 
paragraph will try to explain this more clearly. 
It is true that all photons have definite measur- 
able wavelengths (energies). Further, if an emis- 
sion source produces photons that all have the 
same (single) wavelength in the visible range, 
they can be seen by an observer and will appear 
deeply colored. In this special case, where all 
the photons have the same wavelength, the color 
that is observed does depend on their wave- 
length as suggested in Figure 20 and Table 1. 
The longest wavelength (lowest energy) photons 
in the visible range produce a color sensation of 
red; the shortest wavelength (highest energy) 
photons in the visible range produce the color 
sensation of violet. Sources of single wavelength 
photons, having wavelengths between those of 
red and violet, produce the color sensation cor- 
responding to one of the other colors Newton 
saw when using his prism. These special colors 
are called spectral colors, and they are special 
because there is a unique relationship between 
color and photon wavelength. However, these 
spectral colors represent only a tiny fraction of 
all possible colors. The vast majority of color 
sensations, including those evoked by the emis- 
sions from colored pyrotechnic flames, are pro- 
duced by various combinations of many differ- 
ent wavelength photons. For this vast majority 
of color sensations there is no unique relation- 
ship between color and photon energy, and the 
exact same color sensation can be created using 
a large number of combinations of different 
wavelength light photons. (This will become 
more clear later in this chapter.) 


Newton’s prism was a rudimentary form of a 
visible light spectroscope, and it could be used to 
crudely analyze sources of colored light. New- 
ton used a circular hole in his window shutter as 
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his source of light. His spectrum was thus made 
up of a series of overlapping colored images of 
that circular hole. Later, researchers developed 
a prism spectroscope in which the light from 
the source passed through a narrow slit on its 
way to the prism. The observer then viewed the 
slit through a telescope pointed at the prism, 
resulting in spectra with higher resolution. 


At this point, it might be useful to consider 
what atomic-line, molecular-band and continu- 
ous spectra would look like with a spectroscope. 
If the light coming from an atomic light source 
passed through the spectroscope, the photons of 
different wavelengths (colors) would be sepa- 
rated one from another. If they were projected 
onto a screen, they would appear as a series of 
colored lines separated by dark spaces. Fig- 
ure 21A is an example of what might appear on 
the screen for a hypothetical atomic emitter. 
(Note: the images in Figure 21 are negative im- 
ages, where dark actually means bright.) Each 
colored line on the screen corresponds to one of 
the lines in the graph of photon energies in Fig- 
ure 8. (The infrared and ultraviolet lines included 
in Figure 8 do not appear in Figure 21A because 
they are not visible to an observer.) In Figure 8, 
the length of the line was used to indicate the 
intensity of that wavelength (energy) photon. In 
Figure 21A, each colored line is equally long, 
and the intensity of each colored line must be 
determined by observing its brightness. 


Figure 21B is an example of what might ap- 
pear if we were observing a hypothetical mo- 
lecular source of light. In this case the spectro- 
scope would produce bands of color with dark 
regions in between. These colored bands corre- 
spond to the bands in the graph of photon ener- 
gies in Figure 13; and the brightness of the bands 
corresponds to their intensity. If the spectro- 
scope were used to observe a high temperature 
incandescent light source, which emits a con- 
tinuous spectrum, it would produce something 
like the visible light spectrum in Figure 21C; 
various colors of light would fall throughout 
much or all of the color spectrum and there 
would be no gaps between any of the colors 
present. Again the brightness along the length 
of the spectrum corresponds to the intensity of 
the various wavelength emissions. 
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Figure 21. An illustration of how hypothetical 
atomic-line, molecular-band and continuous 
spectra might appear using a rudimentary 
spectroscope. (Actually this is a negative image 
where dark means bright.) 


Quantifying Color Sensations 


Newton observed that it was possible to 
generate a range of colors (spectral colors) by 
passing a ray of white light through a prism. 
Also he discovered that a very large number of 
new colors (including white) (composite colors) 
could be generated by blending sources of the 
spectral colors: red, green and blue. To deal 
efficiently with the subject of composite colors, 
it was necessary to find some way of quantify- 
ing one’s observations. An obvious possibility 
would be to use a three dimensional graph, with 
each of the three axes representing one of the 
three primary colors (red, green and blue). Then 
each of the composite colors produced would 
be represented as a point in three dimensional 
color space. However, while this would work, it 
would be cumbersome and would not reproduce 
accurately on two dimensional paper. 
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Fortunately, a much simpler, two dimensional 
method was developed to represent both spectral 
and composite colors. This was made possible 
by the discovery that if the brightness of all three 
primary light sources were varied proportion- 
ately (e.g., if the intensities of each source were 
doubled), then the composite color observed re- 
mains unchanged except for its brightness (which 
in this example is also doubled). This meant that 
only the fractional intensity of the three primary 
colors determines their composite color. (And 


Yellowish 


495 
Bluish Green 


their combined intensity determines the bright- 
ness of that color.) It is only necessary to specify 
two ofthe three fractions to describe the mixture 
completely. For example if a composite color is 
made using red, green and blue light sources, 
and one were told that 1/3 red and 1/3 green 
light have been used, then because the total of 
the three fractions must equal one, obviously 
the amount of blue light being used must also 
have been 1/3. Thus a convenient method to 
represent color is to specify just two of the three 
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Figure 22. A non-color rendition of a chromaticity diagram. (This version was developed in 1931 by 


the International Commission on Illumination.) 
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primary color fractions, and this can easily be 
done using a graph in just two dimensions. 
When color fractions are plotted for all colors, 
the result is what is commonly referred to as a 
chromaticity diagram, see Figure 22. 


In Figure 22, the vertical (Y) axis is the frac- 
tion of a source of special green light used, the 
horizontal (X) axis is the fraction of a source of 
special red light used, and the fraction of blue 
light is implicit (and can be calculated if desired). 
The spectral colors (those pure colors for which 
a unique relationship exists between color and 
wavelength) lie on the outer periphery of the 
tongue-shaped region as highlighted in Fig- 
ure 23A, and for which the corresponding wave- 
lengths (in nanometers) are listed. 


All possible composite colors lie inside the 
tongue-shaped color region of the chromaticity 
diagram (Figure 23A). The color names listed in 
the chromaticity diagram, Figure 22, are those 
that a typical observer of the composite colors 
would use to describe them. The colors grade 
gradually from one to the next. The lines sepa- 
rating each of the color areas have been added 
as a convenience and only serve to indicate the 
approximate boundary at which an observer 
would typically call the colors by some other 
name (for example, where an observer might 
stop calling a series of gradually changing blu- 
ish-green colors and start calling them blue- 
green). 


The straight line across the bottom of the 
tongue shaped region, highlighted in Fig- 
ure 23C, is called the line of purples. The colors 
lying on this line are as pure as spectral colors, 
but they are not spectral colors. These colors 
can only be produced using various combinations 
of the reddest of the possible red light sources 
and the most violet of the possible violet light 
sources. (This will become more clear in the 
discussion below.) Because these colors must 
be made using photons of two different wave- 
lengths, there is not a single (unique) wave- 
length that can be associated with them, and 
there are no wavelengths listed along the line of 
purples. The point near the center of the chro- 
maticity diagram labeled ICI Illuminant “C” (or 
sometimes just “C”) is the color point for a 
standard light source. This standard was chosen 
because it is a good approximation for average 
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Figure 23. Illustrations identifying key 
features of the chromaticity diagram. 
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daylight at noon and is taken as constituting 
white light. 


The shape and orientation of the tongue- 
shaped color region depend on the choice of the 
three primary colors. If negative fractions of the 
primary colors are allowed (e.g., —1/2, 3/4, and 
3/4) then almost any three different colors make 
satisfactory primaries. In fact, even if we choose 
the spectral colors of red, green and blue, it is 
not possible to make all of the composite colors 
without occasionally using negative amounts of 
those primary colors. (This too will be dis- 
cussed further below.) On a mathematical level 
using a negative amount of light is okay, but it 
is confusing conceptually and is impossible to 
do in reality. How can one use less than zero of 
a primary color, which is what a negative 
amount represents? 


To eliminate the necessity of using negative 
color fractions and to standardize the diagrams, 
an International Commission on Illumination 
(ICI) was assembled in 1931. Their solution was 
to invent three new (slightly unreal) primary 
colors. Remember, chromaticity diagrams were 
created just to make it easier to deal with the 
subjective science of additive color; so there is 
nothing sacred about chromaticity diagrams or 
the primary colors on which they are based. If 
three slightly unreal primary colors will help to 
make working with color easier, they should be 
allowed, providing everyone uses the same 
chromaticity diagram based on those same pri- 
mary colors. 


Since 1931, the International Commission has 
developed additional chromaticity diagrams, 
and a strong argument could have been made to 
use one of their more recent chromaticity dia- 
grams. However, there is nothing intrinsically 
wrong with the 1931 diagram, and it is still the 
one most frequently used in discussing colored 
pyrotechnic flames. Accordingly, the chroma- 
ticity diagrams used in this chapter are based on 
that established by the 1931 International Com- 
mission on Illumination. 


In the illustrations for the following sections 
of this chapter, only simplified versions of the 
chromaticity diagram have been used, thus it 
may occasionally be helpful to refer back to the 
complete diagram in Figure 22. 
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Classical Laws of 
Additive Color Mixing 


For the most part, the laws of color mixing 
were derived as the result of subjective observa- 
tion using people as the primary measuring in- 
struments. Remember, color is a psychological 
response to a physical stimulus; thus while the 
sensation of color is real, it literally only exists 
in one’s mind. For almost all colors, in particu- 
lar those produced by pyrotechnic flames, there 
is no unique set of physical attributes that can 
be used to quantify (measure) perceived color. 
Accordingly, the use of the subjective observa- 
tions of people in designating the colors of a 
chromaticity diagram and in developing the 
laws of additive color mixing not only appro- 
priate, it was necessary. 


The classical color mixing laws are a system- 
atic expression of our everyday observations of 
color. As such, they have been quite useful. 
Research'****! has demonstrated that these sim- 
ple laws are not always satisfactory and that the 
brains of observers can be made to perceive 
color sensations that the classical laws say are 
not possible. However, the classical laws are 
sufficient to provide a basic understanding of 
colored pyrotechnic flames, and they will be 
quite useful when discussing colored flame 
chemistry. Therefore the simpler classical laws 
will be discussed in some detail and will be 
used in the remainder of this chapter. 


The first of the classical laws of color mixing 
can be stated as: every source of colored light is 
represented by a definite point located in the 
color region of the chromaticity diagram. All of 
the slightly different colors one might call green 
will have color points falling somewhere in the 
vicinity of point A in the chromaticity diagram 
in Figure 24. Similarly, all light sources one 
would call red have color points somewhere 
near point B, and white light sources have their 
color points in the vicinity of point C (which is 
the color point for ICI I!luminant “C’’). 
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Figure 24. The first and second laws of 
additive color mixing: color points and lines. 


The second law of color mixing can be stated 
as: when the light from two color sources are 
combined (added together) in various propor- 
tions, the resulting color points will lie a pro- 
portional distance along the line connecting the 
two original color points. For example, if green 
and red sources of light (color points A and B in 
Figure 24) are mixed in various proportions, the 
resulting color will lie somewhere along the line 
AB. By varying the relative amount of green 
and red light used, all of the colors from green, 
through yellowish green, yellow green, green- 
ish yellow, yellow, yellowish orange, orange, 
reddish orange to red are possible. Further, the 
location of the combined color point on line AB 
is equal to the proportion of each of the light 
sources. In Figure 25, color points are shown 
for three different combinations of light from 
sources A and B. When 50% A and 50% B are 
used, the resulting color point D will be located 
at the midpoint of the line AB. If the ratio is 
75% A and 25% B, the color point D' will be 
the result. If the ratio is 10% A and 90% B, the 
color point D" will be the result. 


Chemistry of Colored Flame 


Chapter 9 — Page 18 


520 


75% A+ 25% B 


505 


50% A+ 50% B 


380 


Figure 25. The location of color points 
produced by combining varying proportions 
of light sources A and B. 


Implicit in the second law of additive color 
mixing is that using only colored light sources 
A and B, only those colors on the line AB are 
possible. It is not possible to make blue or violet 
by mixing sources of green and red light. Also 
implicit is that only the proportion (relative 
amount) of the two light sources determines the 
color. For example, equal amounts of the light 
sources A and B can be combined to produce 
color point D. If the brightness of both light 
sources (A and B) is doubled, the color produced 
is still that of color point D; however, the color 
will now be twice as bright (intense). 


The third law of color mixing can be stated as: 
every color, except pure spectral colors, can be 
made using any of a large number of combina- 
tions of different color sources, and those colors 
will appear indistinguishable to an observer. 
For example, if it were desired to make white 
light (luminant “C”) from pairs of non-white 
light sources, one possibility would be to mix 
bluish-green light (color point E in Figure 26) 
and pink light (color point F). By varying the 
relative proportions of the two colors, all the 
colors along the line EF can be made. Observe 
that the color point for [luminant “C” falls on 
this line. Thus white light can be made using 
the correct proportion of sources of bluish- 
green and pink light. Other possibilities to make 
ICI white are to mix reddish-purple and yellow- 


Pyrotechnic Chemistry 


ish-green (color points G and H), or violet-blue 
and greenish-yellow (color points | and J) in 
the proper proportions. In fact, by choosing dif- 
ferent starting colors, the number of possibili- 
ties to produce white light is essentially unlim- 
ited. If observers, using only their eyes, com- 
pared the standard daylight source, Illuminant 
“C”, to each of the three combined sources just 
described, they would not be able to discern any 
difference. 
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Figure 26. A few of the many color 
combinations that can produce white light. 


Using the laws of color mixing, it is now 
possible to demonstrate why the spectral colors 
red, green and blue can be used in various com- 
binations to make most, but not all, of the com- 
posite colors. To do this, first consider a source 
of spectral blue light (color point K in Figure 27 
with a wavelength of 470 nm). If spectral red 
light (color point L, 730 nm) is added to the blue 
light, in varying proportions, any of the colors 
along the line KL can be made. Next, imagine 
that a small amount of spectral green light (color 
point M, 520 nm) is turned on and its intensity 
held constant. With just this little green added 
to the original blue color, the blue-green color 
point will move along the KM color line to reach 
color point N. Similarly with this little green 
added to the original red color, the red-green 
color point will move along the color line LM 
to reach color point O. Now by varying the ra- 
tio of blue to red, any color along the color line 
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NO can be made. Next, if the amount of green 
is increased a little more, and the process of 
varying the ratio of blue to red is repeated, any 
color along the line PQ can be made. As the 
process of increasing the amount of green light 
is continued, it will eventually be possible to 
make all of the colors inside the triangle KLM. 


Figure 27. An illustration of how the spectral 
colors of blue, red and green can be used to 
make most of the possible composite colors. 


The colors inside the triangle KLM consti- 
tute most, but not all, of the colors in the chro- 
maticity diagram. For example, consider the 
color at point R in Figure 28. Using just the blue 
(K) and green (M) light sources, those colors 
along the line KM can be made, and point S is 
the color closest to point R. After adjusting the 
blue and green light sources to reach color point 
S, when red is now added, color points along the 
line SL can be reached. As more red is added, the 
closer the composite color point moves toward 
the red color point L. Thus, adding any red at all 
moves the composite color point farther from the 
desired point R. To reach point R, it would be 
necessary to add less than no red at all (i.e., a 
negative amount of red). From a practical stand- 
point, this is impossible. The color at point R is 
one of those colors that cannot be made using 
spectral red, green and blue; similarly, none of 
the other colors outside the triangle KLM can be 
made using these primary colors. 
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Figure 28. An illustration of why some 
composite colors cannot be made using 
combinations of spectral blue, red and green 
light. 


Having introduced the classical laws of ad- 
ditive color mixing, only one topic remains be- 
fore this chapter can turn its attention to a dis- 
cussion of colored flame production. That last 
remaining topic is the method used to measure 
(quantify) perceived color such that the light 
produced by various colored flames can be 
compared. 


The Measurement of Color 


The basis for the measurement of color fol- 
lows from the third law of color mixing, from 
something that might be called the principle of 
equivalent color. Even though there are many 
ways of combining colored light sources to 
produce the same color sensation, they are all 
equivalent as seen by an observer. Therefore, a 
precise physical description of any of those var- 
ious methods of producing the color sensation 
will serve to define the perceived color com- 
pletely. For example, it was previously de- 
scribed how three different combinations could 
create the color of Illuminant “C” (Figure 26). 
If one were to describe any of these methods 
precisely, then the color of Illuminant “C” 
would be completely defined. This somewhat 
arbitrary process for defining (measuring) color 
is acceptable, but it would be improved if the 
method used by everyone were standardized so 
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that everyone used the same method. Fortunate- 
ly, there is such a standardized method. 


The standard method is based on the obser- 
vation that most color points on the chromatici- 
ty diagram can be reached using a combination 
of white light (IIluminant “C”) and one of the 
spectral colors. For example, the color point T 
in Figure 29 can be reached using a combina- 
tion of white light and the spectral color with a 
wavelength of 490 nm. In this case, color point 
T is approximately 65% of the way from Illu- 
minant “C” to the spectral boundary. Thus, if 
both the wavelength of the spectral color and the 
percentage of the distance along the line from 
Illuminant “C” to the spectral color are speci- 
fied, then the color point is completely defined. 
The wavelength of the spectral light used to do 
this is called the dominant wavelength. The per- 
centage of the distance along the line from point 
Cis called purity, with color point C having 0% 
purity and spectral colors having 100% purity. In 
the example of color point T, the dominant wave- 
length is 490 nm andits purity is 65%. Similarly, 
the color point U in Figure 29 has a dominant 
wavelength of 565 nm and a purity of 90%. 


Figure 29. An illustration of the standardized 
method for the measurement of color. 
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In effect, by using this method to measure 
color, a researcher in one location is giving 
other researchers the recipe for them to repro- 
duce the same exact perceived color. Color re- 
searchers can purchase light sources producing 
the white light of ICI Illuminant “C”. Then us- 
ing a device called a monochrometer and an 
incandescent light, spectrally pure light of vari- 
ous wavelengths can be generated. Based on the 
second law of additive color mixing, if one 
wanted to reproduce the color of point T, one 
could mix a spectral light source of 490 nm 
with an Iluminant “C” light source in a ratio of 
65 to 35. The result would be a composite color 
in every way equivalent to color point T. 


The standard method of measuring color must 
be modified slightly for those colors inside the 
triangle CVW of Figure 30. These colors, called 
nonspectral composite colors, cannot be made 
by combining white light and one of the spectral 
colors. For example, consider the color point X. 
When a line is drawn from ICI “C” through 
color point X until it intersects the boundary of 
the chromaticity diagram, it does so along the 
line of purples (VW), for which there are no 
spectral wavelengths. Thus the color point X does 
not have a dominant wavelength as described 
above. It does, however, have what is called its 
complementary wavelength. This can be found 
by extending the line XC upward until it inter- 
sects the line of spectral colors in the upper por- 
tion of the chromaticity diagram. In this case, 
the color point X has 550 nm as its complemen- 
tary wavelength. To indicate that this is the 
color point’s complementary wavelength, the 
prefix C is added (e.g., C-550 nm). The purity 
of the color is determined as previously and is 
the length of the line CX, expressed as a per- 
centage of the distance from point C to the line 
of purples. Thus, the color at point X would be 
measured as having a dominant wavelength of 
C-—550 nm and a purity of approximately 50%. 


Colors are completely defined by specifying 
their dominant wavelength and purity. However, 
colored light sources have another attribute that 
must be specified, that of brightness. The bright- 
ness of a light source is measured as /uminous 
flux, or for the purposes of this chapter, simply 
as intensity. Light sources in pyrotechnics are 
completely described using only dominant wave- 
length, purity and intensity. 
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Figure 30. Illustration of the method for 
measuring non-spectral colors. 


Color Theory Applied to 
Pyrotechnic Flames 


At this point, it is appropriate to apply some 
of the theory already discussed to the subject of 
colored pyrotechnic flames. It was said that 
atomic line spectra have the desirable character- 
istic of being able to produce deeply colored 
flames, and this is true. Consider the hypotheti- 
cal case of some chemical element whose atoms 
produce spectra with only one spectral line fal- 
ling in the visible region. In this case the color 
point corresponding to those electronic transi- 
tions in this atom will fall somewhere along the 
outer edge of the color region of the chroma- 
ticity diagram. This spectral color, by defini- 
tion, has a purity of 100%. If this is the only 
emitting light source in the flame, the flame will 
be very deeply colored. The particular color 
generated will depend on the wavelength (en- 
ergy) of the spectral line. In the example shown 
in Figure 31, first consider only the one spectral 
line that produces color point A. It has the 
dominant wavelength of approximately 460 nm, 
and of course it has a purity of 100%. 
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Figure 31. An illustration of a hypothetical 
case where multiple atomic lines would 
produce a high purity colored flame. 


Unfortunately, in a pyrotechnic flame, many 
different chemical species will be present, each 
potentially contributing their own spectral lines. 
Consider next a slightly more realistic case, one 
in which there are additional spectral lines in 
the visible spectrum. If just one additional spec- 
tral line is present in the spectrum and one is 
extremely fortunate, it is possible that the sec- 
ond color point would lie close to spectral 
source A, such as color point B in Figure 31. 
The composite color must lie somewhere along 
the line AB connecting the spectral color points 
in the chromaticity diagram. The exact position 
of the composite color will depend on the rela- 
tive intensity of the two spectral lines. If it is 
assumed that the intensities are equal, the com- 
posite color point will lie at C, midway between 
points A and B. The composite color will still 
be very pure, about 98% in this example. The 
most noticeable effect will be a slight shift in 
dominant wavelength to a value between that 
for A and B. To an observer, the effect will be a 
slight change in color, but the flame will still be 
seen as deeply colored. 


An even more realistic case is that the sec- 
ond spectral line has a dominant wavelength 
quite different from the first; then real problems 
can result. Consider the case where the added 
spectral line (color point D in Figure 32, with a 
dominant wavelength of 560 nm) lies somewhere 
across the chromaticity diagram from the first 
color point. The composite colors that could be 
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produced will lie along the line AD. If one were 
fortunate and this second spectral line (D) only 
had about two-tenths the intensity of the first, 
the composite color point will fall at point E. 
Color point E has about the same dominant 
wavelength as when only the spectral line of 
point A is present. However, the purity of color 
point E has dropped to approximately 60%. An 
observer will see a slight change in color, simi- 
lar to that in the first example. However, be- 
cause of the reduced purity, the color will now 
appear noticeably washed-out. Even worse, had 
the two spectral lines been of equal intensity, 
the composite color would appear at the color 
point F. The dominant wavelength of this com- 
posite color has changed substantially, and its 
purity has fallen to less than 20%. This light 
source will appear almost white to an observer, 
a devastating loss of flame color. 


Figure 32. An illustration of a hypothetical 
case where multiple atomic lines could produce 
a low purity colored flame. Heavy dashed lines 


show the dominant wavelengths for color points 
E and F. 


Thus far only flames producing atomic line 
spectra have been considered; however, molecu- 
lar band spectra are much more common in pyro- 
technic flames. A molecular band spectrum with 
just a single band will produce a deeply colored 
flame just as in the example of Figure 31. Re- 
call that a molecular band is just a collection of 
very closely spaced lines that give the appear- 
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ance of being a continuous band. On a chroma- 
ticity diagram, it is as though there were a large 
collection of color points in one spectral region. 
The collection of equally intense color points 
running from approximately 460 to 480 nm, as 
shown in Figure 33, will produce a composite 
color with the dominant wavelength of about 
470 nm and having approximately 99% purity. 
Thus molecular bands can be treated in much 
the same way as atomic lines were (i.e., a mo- 
lecular band can be treated as if it were an al- 
most pure spectral line with its dominant wave- 
length about midway through the band). Then 
everything that was said above for atomic line 
spectra, applies equally to molecular band spec- 
tra or to mixtures of atomic and molecular spec- 
tra. The important thing to remember is that the 
wider the molecular band, the less pure (more 
washed-out) the color will appear. 


Figure 33. An illustration of a hypothetical 
case of a single molecular band producing a 
high purity colored flame. 


Now consider the effect of continuous spec- 
tra, which can be treated as little more than ex- 
tremely wide molecular band spectra. However, 
because of the extreme width, there can be a 
tremendous loss of purity. Consider the example 
of a continuous spectrum from an extremely high 
temperature (10,000 °C) object. This would re- 
sult ina composite color point somewhere in the 
vicinity of G in Figure 34, not far from the white 
color point of [Iluminant “C”. For lower tempera- 
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ture incandescing objects, the color points will 
fall somewhere along the curved line GH, with 
the color points for the lowest temperatures be- 
ing near color point H. (Depending on the exact 
nature of the incandescing material, it is possi- 
ble for the color points to extend more or less 
into the yellow region than is shown for the line 
GH.'"!) The perceived brightness of the light 
emitted by incandescing material is also a func- 
tion of temperature, with low temperatures pro- 
ducing low levels of brightness (appearing dim) 
and high temperatures producing high levels of 
brightness. Table 2 lists the approximate color of 
incandescing material (liquids and solids) and 
their brightness as would be perceived by an 
observer. 
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Figure 34. An illustration of the color points 
produced by incandescing material as a 
function of their temperature. 


Table 2. The Perceived Color and Relative 
Brightness of Incandescing Material. 


Temperature Relative 
(°C) Perceived Color | Brightness” 


a) Based on information from references 7a, 34a, 
and 36. 
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Although not particularly well documented, 
typical colored flame temperatures range from 
2100 to 2500 °C.!""! At these temperatures, in- 
candescing material will be bright and near 
white. Thus incandescent sources (solids and 
liquids) that are present in colored flames can 
be quite detrimental to the color produced. This 
is because the bright and nearly white light they 
produce can act to significantly reduce the color 
purity of the flame, making it appear washed- 
out. While this is true for all colors, it is espe- 
cially true for blue, as illustrated in Figure 35. 
For example, even if it were possible to produce 
spectrally pure blue emissions from some emit- 
ting species in the flame (color point 1), but 
there were incandescing solid or liquid particles 
in the flame (color point J) whose emissions were 
only 40% as strong as the blue emissions, com- 
posite color point K (appearing bluish-white) 
would be produced. The addition of the emis- 
sions from incandescing particles has seriously 
reduced the purity of the flame color. 


Figure 35. An illustration demonstrating the 
deleterious effect incandescence can have on 
otherwise high purity colors. 


As a final example, consider the case of high 
purity purple colored flames, which are relatively 
difficult to produce. A high purity purple flame 
is one that would have its color point L some- 
where inside the shaded region in the chroma- 
ticity diagram in Figure 36. To produce high pu- 
rity purple flame color, one needs the proper 
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combination of spectral emissions from the ex- 
treme opposite ends of the spectrum, color points 
M and N. Finding such sources is at least diffi- 
cult and, in the case of the high purity violet 
emitter, it is probably impossible. However, what 
makes the problem of high purity purple even 
more difficult is that the presence of only 20% 
ofa spectral green emitter (color point O) moves 
the composite color point from L to P (i.e., from 
high purity purple to near white). 


Figure 36. An illustration of why it is 
especially difficult to produce a high purity 


purple flame. 


In the real world of colored pyrotechnic 
flames, there will generally be very many dif- 
ferent chemical species present in the flame and 
many of those species will emit interfering wave- 
lengths of light. The net effect is to reduce the 
purity of the desired flame color. This is dem- 
onstrated in Figure 37, where the points of the 
smaller triangle represent the color points for 
what are approximately the best formulations 
for traditional red green and blue fireworks 
stars,”'*°! and these are probably somewhat bet- 
ter than typical commercial fireworks formula- 
tions. Of these best traditional formulations, only 
red is of reasonably high purity and at nearly the 
ideal wavelength, see Table 3. The green has 
moderate purity but is yellowish green. The blue 
is actually slightly closer to ICI white in color 
than spectral blue. This inner color triangle is not 
large in comparison with the full range of pos- 
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sible colors in the chromaticity diagram. Even 
more significantly, it must be recalled that much 
of its central region is that portion of the chroma- 
ticity diagram allocated to shades of white light. 


Figure 37. A demonstration of the color points 
for the “Best-Traditional” (smaller triangle) 
and the “Best-Yet” (larger triangle) color star 
formulations. 


In the past few years, researchers have de- 
veloped formulations providing improved 
color.''®*!! The approximate red, green and blue 
color points for the best of these are shown as the 
points of the larger triangle in Figure 37. The 
dominant wavelengths and purities for these 
were calculated and are also listed in Table 3. In 
each case, the color points have been shifted 


closer toward the optimum wavelength and the 
purities have improved. (However, it should be 
acknowledged that there are problems associ- 
ated with using these new best-yet formulations 
that will make it somewhat difficult to use them 
commercially.) 


Pyro-Chemical Flames for 
Color Production 


As discussed above, the most common proc- 
ess for colored light production is to supply an 
atomic or molecular species with sufficient en- 
ergy to cause the elevation of their electrons to 
excited states. Thereafter, as the electrons drop 
back to lower energy states, photons of light may 
be produced (possibly see again Figure 6). This 
process can be summarized by the following 
generalized chemical equations: 


{CS} + Heat Energy — {CS}* (2) 
{CS}* — {CS} + Photon (3) 


where {CS} is the color species (an atom or 
molecule), and {CS}* represents the color spe- 
cies with an electron in an excited state. 


In pyrotechnics, the source of the energy 
needed to begin the light production process is 
thermal energy manifested as a flame. (Essen- 
tially all of the desirable color-emitting species 
that are used in pyrotechnics are molecules and 
not atoms; accordingly, for convenience in most 
of the remainder of this section, color emitting 
species will generically be referred to as mole- 
cules.) 


Table 3. Dominant Wavelength and Purity for the “Best-Traditional” and the “Best-Yet” Color 


Star Formulations. 


Chromaticity Diagram Best-Traditional* Best-Yet 


Wavelength || Dom. Wave. 
Color nm) nm 


Purity || Dom. Wave. | Purity 
% nm % 


a) Calculated based on data in references 21, 30 and 37a. 


b) Calculated based on data in references 19 and 21. 


c) This is the wavelength that corresponds to the approximate center of the range for the specified color. 
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Chemistry of Colored Flame 


Asa practical matter, “We have a pretty clear 
idea of what is meant by a flame, but it is very 
difficult to give the word a precise meaning.”°*! 
Probably the most fundamental characteristic 
used to determine whether something is a flame 
is its emission of light. Other characteristics such 
as its flickering, radiating heat and its apparent 
chemical nature seem less important. Consider 
Figure 38, an illustration of a typical flame be- 
ing produced by a burning pyrotechnic compo- 
sition. The greatest single difference between 
points B and C (just inside and just outside the 
flame envelope) is that the molecules at point B 
are emitting visible light and those at point C 
are essentially not. For the most part, the same 
kinds of molecules are present at both points, 
and while the temperature at point C is lower 
than at point B, it is not radically lower. 


Flame 


J<— Burning 
Composition 


Figure 38. An illustration of a typical 
pyrotechnic flame. 


Even though the temperature difference be- 
tween B and C is not great, it is sufficient to 
account for the molecules at point B emitting 
light while those at point C essentially are not. 
(The molecules at point C are actually producing 
a small amount of visible light, but so little as not 
to be readily seen by an observer.) Recall that the 
energy carried off by the photon (i.e., its wave- 
length) is determined by the difference in energy 
between the electron-energy levels involved in 
a transition to lower energy states. When the 
available energy in the flame (i.e., flame tem- 
perature) is great enough to cause sufficient 
numbers of electrons to reach energy levels such 
that the resulting photons have wavelengths in 
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the visible range, then the molecules at that 
point will be seen to emit light. At some point 
in the flame the temperature will fall to a level 
such that the available energy is no longer high 
enough to excite a sufficient number of electrons 
to levels that produce visible light photons, and 
then no light will be seen to be emitted. Fig- 
ure 39 is a generalized graph of temperatures 
along the line in Figure 38 on which points A, 
Band C fall.'”°?*! Included in Figure 39 is a line 
intended to correspond to the approximate flame 
temperature necessary for the production of a 
visually discernable quantity of light from the 
molecules present. At point A the temperature is 
well above that value, at point B the temperature 
is only slightly above that value, and at point C 
the temperature of the flame has dropped to a 
value slightly below that needed for the produc- 
tion of visibly observable light. For the most part, 
the molecular species that are present at point B 
are also present at point C. As far as light gen- 
eration is concerned, the only important differ- 
ence is temperature and that difference is not 
particularly large. For the purpose of this chap- 
ter, the definition of a flame is that region sur- 
rounding a source of chemically generated heat 
energy where the temperature is sufficient to 
cause the emission of visibly observable light 
from those chemical species present. 


Temperature 
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Figure 39. An illustration of flame temperature 
as a function of distance from the burning 
surface for a hypothetical burning pyrotechnic 
composition. 
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In addition to supplying the heat energy nec- 
essary to excite electrons, pyrotechnic chemical 
reactions must provide the heat energy needed 
to vaporize the color agent and chemical reaction 
products. Recall that solid particles and liquid 
droplets can only emit undesirable continuous 
spectra. Accordingly, to produce relatively pure 
flame colors, it is important that the color agent 
and the various reaction products all be vapor- 
ized in the flame. The source of the needed heat 
energy is the class of exothermic chemical reac- 
tions called combustion, which can be repre- 
sented with the generalized formula: 


Oxidizer + Fuel > 
Combustion Products + Heat (4) 


where the fuel and oxidizer combination is some- 
times referred to as the pyrogen. Relatively few 
pyrotechnic compositions are formulated for the 
sole or even primary purpose of producing ther- 
mal energy. For example, in this chapter the 
compositions are intended to produce colored 
flame. In that case, while thermal energy pro- 
duction is necessary, in addition to the pyrogen, 
a number of other chemical components (addi- 
tives) must be present to produce the colored 
light. Accordingly, in addition to its ability to 
produce thermal energy, the choice of the pyro- 
gen must be such that it does not otherwise in- 
terfere with the chemistry of colored light pro- 
duction. 


Given the central role of pyrotechnic com- 
bustion reactions in the production of colored 
flames, it is appropriate to consider briefly how 
the heat energy of combustion is produced and 
why different fuels and oxidizers generate dif- 
fering amounts of heat. When atoms come to- 
gether to form molecules, chemical bonds form 
between the atoms, thus holding the atoms to- 
gether as a molecule. It requires the input of 
energy to break chemical bonds, and energy is 
released when new chemical bonds form. 
Stronger bonds require more energy to break 
them, and more energy is released when strong 
bonds are formed. The strength of the chemical 
bond between atoms in a molecule depends on 
the type and number of atoms forming the 
molecule. 


During a combustion reaction, first chemical 
bonds must be broken within the fuel and oxi- 
dizer, and then new bonds are formed within 
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the reaction products. If heat is to be produced 
during a chemical reaction, then on average, the 
chemical bonds formed must be stronger than 
those broken. This is the case with pyrotechnic 
combustion; oxidizers and fuels have relatively 
weak chemical bonds as compared with the 
chemical bonds of the reaction products. Ta- 
ble 4 lists the most common pyrotechnic fuels 
and oxidizers used in colored flame formulations. 
When various combinations of fuels and oxi- 
dizers are used, different numbers of bonds will 
be broken and formed between different kinds 
of atoms. Thus it should be expected that dif- 
ferent amounts of energy will be produced in the 
combustion reactions involving different fuels 
and oxidizers. 


Table 4. Common Pyrotechnic Fuels and 
Oxidizers Used in Colored Flame 
Compositions. 


Fuel Formula 


Lactose 


Sulfur 


a) From reference 39. 


Oxidizer Formula 
Ammonium perchlorate | NH4ClO, | 


perchlorate. [KCIOg 


Strontium nitrate =| Sr(NOs).__ 


The energy released by some common oxi- 
dizers upon their reacting with carbon to pro- 
duce carbon dioxide (CO,) is listed in Table 5, 
where the unit kJ/g,, (kilojoule per gram of oxi- 
dizer) is used as a measure of the thermal energy 
produced in the reaction (called enthalpy of re- 
action). The oxidizers have been divided into 
high energy and low energy groups, wherein the 
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high energy oxidizers (perchlorates and chlo- 
rates) produce approximately twice the energy 
per gram, as compared with the low energy oxi- 
dizers (nitrates). Itmay be of interest to note that 
ammonium perchlorate and potassium perchlo- 
rate produce more thermal energy than potas- 
sium chlorate. This is typically true and is not 
an isolated result caused by using carbon as the 
fuel. For the most part, this is the result of per- 
chlorates containing one additional oxygen atom 
per formula unit, in comparison with potassium 
chlorate. This additional oxygen atom is avail- 
able to form an additional strong bond with a 
carbon atom, thereby releasing more energy. The 
result is that perchlorates are the more potent 
generator of heat energy. This may seem to con- 
tradict the common experience with formulations 
using potassium chlorate, which tend to bum 
more violently than similar formulations using 
potassium perchlorate. While these observa- 
tions are accurate, this is not the result of potas- 
sium chlorate being the better heat producer. 


Table 5. Enthalpy of Reaction for Various 
Oxidizers Reacting with Carbon. 


Enthalpy of Reaction 
(KJ/gox) *”) 


Potassium nitrate 


To convert from kJ/g to kcal/g, divide by 4.18. 


a) These results were calculated using data pub- 
lished in reference 41 and assuming carbon dioxide 
was the product. Note that negative values indicate 
that heat was produced in the reaction. 


b) Enthalpy of Reaction was formerly called Heat of 
Reaction. 


The energy released by some common fuels 
upon their reaction with oxygen are listed in 
Table 6. Again it is possible to divide the list in 
terms of energy production, with the combus- 
tion of metal fuels producing greater thermal 
energy than the non-metal fuels listed. 
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Table 6. Enthalpy of Combustion for 
Various Fuels Reacting with Oxygen. 


Enthalpy of Combustion 
Fuel (kd/gruei) 


Foca La RYN Uy eters 2 (On eeteee tial 


Magnesium 
RED QU nn 
PEACCOSE dsm 

Sulfur 


To convert from kJ/g to kcal/g, divide by 4.18. 


a) These results were calculated using data pub- 
lished in references 40 and 41. Note that negative 
values indicate that heat was produced in the reac- 
tion. 


b) Enthalpy of Reaction was formerly called Heat of 
Reaction. 


c) This value was estimated. 


Considering Tables 5 and 6, itis apparent that 
the choice of fuel and oxidizer for the pyrogen 
can have a large effect on the amount of ther- 
mal energy produced. Flame temperatures are a 
function of the amount of energy released in a 
pyrotechnic chemical reaction. All else being 
equal, the more thermal energy that is produced, 
the higher the flame temperature will be. Table 7 
is acompilation of maximum flame temperatures 
produced by a collection of oxidizers reacting 
with shellac. Note that the order of flame tem- 
peratures produced by the oxidizers follows the 
same general order as the amount of energy pro- 
duced when they are reacted with carbon (listed 
in Table 5). Similarly, while the published data 
do not facilitate a direct comparison, it is appar- 
ent that the use of metal fuels can result in sig- 
nificantly higher flame temperatures.!””! 
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Table 7. Maximum Flame Temperatures of 
Oxidizers Reacting with Shellac.'””! 


Ox. || Fuel | Flame Temp. 
Oxidizer % % “cy 


Potassium 
perchlorate 


perchlorate 
Potassium 
chlorate 
Potassium 
nitrate 


a) Temperatures are rounded to the nearest 10 °C. 


Note: All mixtures contained 10% Na »C,O, to allow 
for measurement of flame temperature. 


Color Generating Chemical Species 
and Their Production 


Table 8 is a list of metals commonly associ- 
ated with the production of colored pyrotechnic 
flames. Also included are the chemical species 
actually responsible for the emitted color. Note 
that in all cases except sodium, it is molecular 
compounds (not the metal atoms) that are the 
color generating species. Consider the red emis- 


sions from strontium, the color generating spe- 
cies are strontium monochloride (SrCl°(.)) and 
strontium monohydroxide (SrOH*,.)). Not only 
do strontium atoms not produce red light, they 
also potentially interfere with the production of 
intensely colored red flames; strontium atoms 
emit violet-blue light. Note also that both stron- 
tium monochloride and strontium monohydrox- 
ide are not combined in the normally expected 
(1 to 2) ratios of strontium chloride (SrCl,) and 
strontium hydroxide (Sr(OH)),). 


The strontium monochloride and strontium 
monohydroxide color species are individual free 
radical molecular species (a single strontium 
atom combined with a single chlorine atom or a 
single hydroxide unit) that exist in the vapor state 
(as a gas). (Free radical is the term generally 
applied to an atom or group of atoms in an ar- 
rangement that results in there being an unpaired 
electron in the atom or molecule. The presence 
of the unpaired electron normally results in free 
radicals being especially reactive chemically. 
The superscript dot symbol “°” is used to indi- 
cate that something is a free radical.) That stron- 
tium monochloride and strontium monohydrox- 
ide are molecular free radicals in the vapor state 
is in strong contrast with strontium chloride and 
strontium hydroxide, which are ionic compounds 
[assemblages of tremendous numbers of stron- 
tium (2+) ions combined with twice that num- 


Table 8. List of Metals Commonly Used to Generate Colored Pyrotechnic Flames. 


Color Generating 
Species Color 


Red 


Element 


Strontium 


Barium 


Red orange 


Dominant Wavelength 
(nm) 


Calcium 


Sodium Na (atoms) 


Violet-blue 


Yellowish-green 


Reddish-orange 


Reddish-orange 


a) Data from reference 31, based on the CIE 2° chromaticity diagram. 


b) Purity is to the nearest 2%. 


c) BaOH is a relatively weak emitter in comparison with the other species. 
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ber of chloride (1—) ions or hydroxide (1-) ions] 
existing in the solid or liquid states. 


Because all of the emitting species in Ta- 
ble 8, with the exception of sodium, are mole- 
cules, they emit band spectra. More importantly, 
their spectra consist of a series of bands that 
generally span a substantial range of wave- 
lengths. For example, Figure 40 presents the 
spectra from the monochlorides of strontium, 
barium and copper. Table 9 is a compilation of 
the observed spectral bands for the emitters 
listed in Table 8. Figure 41 is a chromaticity 
diagram showing the location of the color points 
for each of the color species listed in Table 8. 
Because of the range of their spectral emissions, 
the color species constitute composite colors that 
are described in terms of their dominant wave- 
length and purity (see the last two columns of 
Table 8). 


In the past, some have suggested that the 
monochlorides were plus one molecular ions and 
not free radicals (neutral species). However, the 
neutral character of these species has been con- 
firmed. !*7! 


Unfortunately the color species listed in Ta- 
ble 8 are not the color agents that are used in 
colored flame compositions. For example, the 
source of strontium is usually strontium carbon- 
ate or strontium nitrate. For the most part, the 
reason for this is simple, the color emitting 
molecules—strontium monochloride and stron- 
tium monohydroxide—do not exist at room 
temperature, so they cannot be used in a formu- 
lation. Further, the use of strontium chloride and 
strontium hydroxide as starting chemicals is im- 
practical because they are far too hygroscopic 
for general use. Table 10 is a listing of the most 
common color agents used in pyrotechnics. 
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SrCl 


MM N, 


400 450 500 550 600 650 700 


400 450 500 550 600 650 700 


Wavelength (nm) 


Figure 40. Spectral emissions of the 
monochlorides of strontium, barium and 
copper.""! (The Y-axes are relative intensity.) 
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Table 9. Spectral Bands for the Emitting 
Species Listed in Table 8.9"! 


Figure 41. Location of the color points for the 
color species listed in Table 8.°"! 


Table 10. List of Color Agents Commonly 
Used in Pyrotechnic Compositions. 


Color Agent 


Strontium carbonate |SrCO3 


Strontium oxalate 
Strontium sulfate 
Barium carbonate 
Barium nitrate 
Barium sulfate 


Calcium carbonate 
Calcium oxalate 
Calcium sulfate 


Sodium oxalate 


As a practical matter, it is necessary to cre- 
ate the actual color generating molecules within 
the pyrotechnic flame. In general, the first step 
in this process is to break apart the color agent. 
Then, by providing a source of the proper non- 


(a) W. L. is wavelength to the nearest nanometer. metal atoms or atom groups, the desired chemi- 
(b) R. I. is relative intensity normalized to 100 for cal Species Mey be formed. This is discussed In 
the strongest peak. more detail for red colored flames in the next 


section of this chapter. 
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Red Colored Flame Chemistry 


This discussion of red colored flame chemis- 
try lies somewhere between fact and plausible 
speculation. This is because some details of the 
production of the red color emitting molecules 
has not been rigorously proven, and in other cases 
the actual chemistry is more complicated than 
can be represented in simple chemical equations. 
The reason such an explanation has been in- 
cluded is that it is reasonably correct and suffi- 
ciently thorough to be used as a basis for under- 
standing how and why adjustments to formula- 
tions can be expected to affect red flame color. 


The likely process of producing the color 
species for red flames'*””! can be represented as 
described in equations 5 through 8: 


SrCOx5) - SrOw) + CO) (5) 
SrO) + HX@ 3 SrOH*) + X°@ (6) 


where HX is water, a hydrocarbon, an alcohol, 
etc. Then if a source of chlorine atoms is avail- 
able, the monochloride can be produced: 


StOH* (2) + Cl°¢) - SrCl*(2) + OH*.) (7) 


As an alternative to equation 7, if the species 
HX in equation6 is hydrogen chloride, the 
monochloride may form directly from strontium 
oxide: 


SrO(s) + HCl) — SrCl* (g) + OH* (g) (8) 


Essentially all pyrotechnic compositions con- 
tain at least one carbohydrate (e.g., dextrin or 
starch) and other ingredients that burn to produce 
water vapor as a product. For example, equa- 
tion 9 shows potassium perchlorate reacting with 
dextrin. 


3 KCIO, + C6H 1005 = 
3 KCl + 6CO, +5H,0 (9) 


Accordingly, with the availability of water vapor 
in a flame, the production of strontium mono- 
hydroxide in colored flames is no problem (eq 6). 
However, it is necessary to consider the poten- 
tial sources of chlorine atoms and hydrogen 
chloride molecules (in eqs 7 and 8). This is es- 
pecially important because generally the mono- 
chlorides are the preferred color emitting spe- 
cies (the dominant wave length is 636 nm for 
strontium monochloride rather than 614 nm for 
the monohydroxide). Chlorine is present in the 
most common colored flame oxidizers (in the 
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chlorates and perchlorates); however, this is 
generally not considered a sufficiently effective 
source of chlorine atoms for use in producing 
strontium monochloride. To see why, consider 
the following two possible equations for potas- 
sium perchlorate reacting with carbon: 


KCIO, + 2C > 
KCl + 2CO, + 5.8kI/go, (10) 


4KCIO, + 7C + 2K,0 + 
7CO, +4Cl® + 2.2kI/goe (11) 


Equation 10 produces no free chlorine, but equa- 
tion 11 does. Competing chemical reactions pro- 
ceed along the path that provides the greatest 
overall reduction in free energy. (A discussion 
of free energy is beyond the scope of this chap- 
ter.) All else being equal—including entropy 
changes—this amounts to saying that compet- 
ing chemical reactions tend to favor the one(s) 
that produce the most energy. Thus equation 10, 
with its production of 5.8 kilojoules per gram of 
oxidizer (kJ/gox), will tend to predominate over 
equation 11 with only 2.2 kJ/g., of thermal en- 
ergy released. As a result, the production of free 
chlorine atoms from the reaction of potassium 
perchlorate with carbon (or other common 
fuels) will be minimal. 


Itis possible to produce chlorine gas from the 
reaction of chlorate oxidizers with sulfur:°*"! 


2KCIO; + 28 3 
K,SO4 + SOQ, + Chg (12) 


However, while this method was apparently 
used in the distant past,'**! today the extreme 
sensitiveness of the combination of a chlorate 
with sulfur is considered far too dangerous to 
be practical,!°*7 


Today the most common method of supply- 
ing chlorine or hydrogen chloride in colored 
pyrotechnic flames is through the use of a chlo- 
rine donor, sometimes also called a color en- 
hancer. This is a chlorine rich chemical com- 
pound such as hexachlorobenzene (HCB) or 
polyvinyl chloride (PVC) that reacts in the flame 
to release chlorine or hydrogen chloride, such as 
suggested in equations 13 and 14, respectively. 


C.Cl, + 3 KCIO, -> 
3 KCI + 6CO, + 6CI® (13) 
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4 (-CH»CHCL) + 5KCIO, > 5 KCI + 
8CO, + 4H,O0 + 4HCI (14) 


Table 11 isa list of the most common chlorine 
donors, along with their percent chlorine by 
weight. Benzene hexachloride (BHC) and PVC 
have been identified as producing hydrogen 
chloride rather then chlorine,!**! and it is sus- 
pected that the other hydrogen containing chlo- 
rine donors (Saran® resin, Parlon® and Chloro- 
wax®) also produce hydrogen chloride upon 
burning. Calomel was probably the first chlorine 
donor but has not been commonly used for at 
least 40 years, because of its low percentage of 
chlorine and toxicity concerns. 


Table 11. List of Common Chlorine and 
Hydrogen Chloride Donors. 


Chlorine 
Chlorine Donor Formula (wt. %) 


(benzene hexachloride)")|CoreC'e 


Pi “nflEraHCh a] 66. 
Chlorowax® Variable 

PVC (polyvinyl chloride) |(CaFsCl)n OF 
(mercury(I) chloride) Hg2Cle 


a) Dechlorane is an especially poor fuel. 


b) HCB and BHC are suspected carcinogens. 
(Benzene hexachloride is more correctly termed 
hexachloro-cyclohexane.) 


An additional commonly used method to 
produce hydrogen chloride in pyrotechnic flames 
is through the use of ammonium perchlorate as 
the oxidizer. This is illustrated by its decompo- 
sition reaction.'**! 


2 NHaClO, - 
N, + 3H,O + 2.50, + 2HCI (15) 


As a summary of the discussion thus far, 
high purity red light can be produced as sug- 
gested in the following somewhat simplified 
series of chemical equations. (In the equations 
that follow, heat has been included for those 
reactions in which the production or consump- 
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tion of thermal energy is an important consider- 
ation.) First a source of thermal energy is need- 
ed, such as from the reaction of potassium per- 
chlorate with red gum (eq 16). The heat pro- 
duced is used in part to decompose the stronti- 
um carbonate to strontium oxide (eq 17), which 
can then react with some of the water vapor 
produced in equation 16, to produce strontium 
monohydroxide (eq 18). In turn the strontium 
monohydroxide can be converted to the mono- 
chloride if a source of chlorine atoms is provid- 
ed (eq 19). Having now formed the preferred 
color species, if there is sufficient thermal ener- 
gy available in the flame, the strontium mono- 
chloride molecules can reach an excited elec- 
tron state (eq 20), which when it de-excites, 
produces the red light photons being sought 


(eq 21). 


3.1 KC1O4s) + CoH6O2.6,s) > 3.1 KCl) + 
6 COx., + 3 HO + Heat (16) 


SrCOx) + Heat > SrOw) a COr(2) (17) 


SrO(s) a H20¢) + Heat > 
SrOH*(g) + OH") (18) 


StOH*(2) a Cl es - SrCl*¢e) + OH*,.) (19) 
SrCl*(g) + Heat > SrCl** (20) 
SrCl*(.)* > SrCl*(e) + Photonye36 nm] (21) 


There is another slightly different way in 
which colored light can be produced in pyro- 
technics. It is possible for the color species to 
be produced already in an excited state, as op- 
posed to their starting out in the ground state 
and having to use flame energy to reach the 
excited state as suggested in equation 20. This 
alternative process is called chemiluminescence 
and may be an especially important source of 
colored light production in some cases. (A 
proper discussion of chemulescence is beyond 
the scope of this chapter.) 


If reality were as simple as suggested in 
equations 16 through 21, producing high purity 
colored flames would be quite easy. Unfortu- 
nately, there are a number of complicating fac- 
tors, only some of which are illustrated in Fig- 
ure 42. (Note that for clarity, most reactants and 
products for the chemical equations of Fig- 
ure 42 have not been included.) The preferred 
red emitting color species (SrCl°(.)) is located 
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SrOH’ 
{ 


SrCl,, <> SrCl <> Sr° <> Sr 
t 
SrO,,. <> SrO_, 


Figure 42. A representation of some of the 
possible reactions for strontium monochloride 
in a flame (based on reference 4a). 

NOTE: To simplify the figure, most reactants 
and products are not explicitly shown. 


near the center of the figure. All of the other 
chemical species shown there are undesirable 
(with the possible exception of strontium mono- 
hydroxide). The double headed arrows are used 
to indicate that these chemical reactions are re- 
versible (i.e., the reactions can go either way 
depending on the conditions in the flame at the 
time). Table 12 is a list of the detrimental ef- 
fects produced by these undesirable species. 
Moving to the left from strontium monochlo- 
ride, if the temperature of the flame falls, con- 
densed (liquid) strontium chloride droplets can 
form to produce continuous spectra from incan- 
descence. This has the effect of reducing the 
purity of the red color as the resulting compos- 
ite color point moves toward ICI white in the 
chromaticity diagram. Moving upward in Fig- 
ure 42, it is possible that the monochloride will 
react with water vapor in the flame to form the 
monohydroxide. This is the least detrimental 
effect; however, the photons produced by the 
monohydroxide are perceived as slightly red- 
dish-orange (614 nm) in color rather than the 
red of the monochloride (636 nm). Moving 
downward, it is possible that the monochloride 
will react with oxygen in the flame to form 
strontium oxide, which produces photons per- 
ceived as orange in color. Further, if the flame 
temperature is reduced, the strontium oxide can 
condense to produce continuous emissions from 
incandescence. Moving to the right in Fig- 
ure 42, if the flame temperature rises too high, 
the monochloride will decompose with the re- 
sulting strontium atoms producing emissions 
perceived as violet-blue in color. Further, the 
strontium atoms can ionize to produce violet 
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emissions from the excitation of the ion, plus 
continuous emissions from ion recombination. 
(Note that at the temperature of colored flames 
the predominant charge state of strontium ions 
will only be one plus and not two plus.) 


Table 12. Undesirable Strontium Flame 
Species and Their Detrimental Effects 


Detrimental Emissions 
Continuous spectrum 


Species 


O 
Continuous spectrum 


Sr** (ion) 


Violet & continuous spectrum 


As can be seen from Figure 42, even after 
one is successful in producing the desired color 
species, there is much that can still go wrong. 
Unfortunately, there is even more that can go 
wrong in the process of producing the desired 
color species. To avoid the production of those 
chemical species that seriously reduce color 
quality and to optimize the production of useful 
species, it is necessary to attempt to fine tune 
(control) the reactions taking place in the flame. 


Control of Red Flame Chemistry 


As a result of the chemical equilibria pre- 
vailing in the flame, all the chemical species 
shown in Figure 42 (and many others) will be 
present to some extent in a strontium red flame. 
Fortunately it is possible to preferentially form 
more of the desirable color emitting species if 
Le Chatelier’s Principle is thoughtfully applied. 
Le Chatelier’s Principal can be stated as: 


Chemical systems in equilibrium respond to a 
stress ina manner that tends to relieve the stress. 


For the purpose of this text it is not neces- 
sary to understand fully what chemical equilib- 
rium and stresses on reacting systems are. In its 
true sense, a pyrotechnic flame as a whole is 
not a system in chemical equilibrium; however, 
if a small enough region of the flame is consid- 
ered over a short enough interval of time, that 
region—for that time—can be considered to be 
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in equilibrium. A stress on a reacting system is 
just about anything that changes one or more of 
the conditions existing in the flame. 


Perhaps some examples will make Le Cha- 
telier’s Principal and its application to colored 
flames more clear. First consider the very sim- 
ple system of a container of ice water. The 
melting of the ice can be written as the chemi- 
cal reaction: 


H20 6) + Heat > H20 (22) 


where heat is shown as one of the reactants. 
The opposite of this reaction can also occur: 


H20~ > H20) + Heat (23) 


At a temperature of 0 °C both ice and water 
will be present and is a case of chemical equi- 
librium. The amount of ice and water present 
will seem to be constant and unchanging; it ap- 
pears that nothing is happening. However, sub- 
microscopically things will still be happening. 
Every instant many molecules of ice will con- 
sume heat to become liquid (eq 22), and at the 
same time and in an equal number, other water 
molecules will release energy to become solid 
(eq 23). In chemical equilibrium, it is not that 
nothing is happening, but rather opposite reac- 
tions are occurring at the same rate, so that only 
externally does it appear that nothing is happen- 
ing. To make this point for chemical systems in 
equilibrium, often the single headed arrow in 
chemical equations will be replaced with a dou- 
ble headed arrow, such as used in equation 24 
and Figure 42. 


H20%) + Heat o H,0~ (24) 


In equation 24, the addition or removal of heat 
would be a stress on the system in equilibrium, 
and Le Chatelier’s Principal states that the sys- 
tem will respond in a way to relieve the stress. 
If heat is added, some of the ice would melt to 
produce more water and in the process consume 
the added heat. If heat is removed, some of the 
water would freeze to produce more ice and in 
the process release heat to replace the heat that 
was lost. 


As a second example, consider again the ex- 
citation of electrons within a color species 
(eq 20) and the subsequent photon emission 
(eq 21). This operates in much the same way as 
the ice water example. 
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SrCl* (2) + Heat > SrCl*(* (20) 
SrCl*(* —> SrCl*( + Photonjes6nmy (21) 


For a given amount of the color species, if addi- 
tional heat is supplied by the flame, Le Chatel- 
ier’s Principal suggests that more of the stron- 
tium monochloride molecules will reach an ex- 
cited state (eq 20), thus leading to increased 
photon emission as the molecules decay back to 
their ground states (eq 21). The amount of heat 
a flame can supply is a function of its tempera- 
ture, generally with higher temperature flames 
possessing a greater ability to supply heat en- 
ergy. Thus, all else being equal, higher tem- 
perature flames produce more photons and ap- 
pear brighter to an observer. (In fact the rela- 
tionship between flame temperature and its per- 
ceived brightness is not linear; relatively small 
changes in temperature can produce fairly large 
changes in brightness (recall the earlier discus- 
sion about Figures 38 and 39). Considering 
equations 20 and 21 further, if there is an ample 
amount of heat available in the flame, then in- 
creasing the amount of the color species is an- 
other stress that will also result in more stron- 
tium monochloride molecules reaching an ex- 
cited state to produce a greater number of pho- 
tons. 


Considering equations 16 to 21 again in terms 
of Le Chatelier’s Principal, it is possible to list 
some of those stresses (conditions) that might 
be applied to this chemical system that should 
act to favor the production of the desired pho- 
tons. This will be those factors that encourage 
the reactions to proceed (i.e., shift the equilib- 
rium to the right). In equation 17, providing ad- 
ditional strontium carbonate and heat would be 
favorable stresses to produce more strontium 
oxide. This additional heat can be produced 
using more potassium perchlorate and red gum 
in equation 16. Assuming there is a sufficient 
supply of strontium oxide, if more water vapor 
and heat are available in equation 18, more 
strontium monohydroxide will be produced. If 
more chlorine atoms are available in equa- 
tion 19, then more of the monochloride could 
be produced. Finally, with additional thermal 
energy in equation 20, more of the strontium 
monochloride molecules would reach their ex- 
cited electronic states. These favorable condi- 
tions are summarized in Table 13. 
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Table 13. A List of the Favorable 
Conditions for Producing Red Flame from 
Equations 16 through 20. 


q 
More Chlorine Donor 
More Heat 


While it may sound rather simple to provide 
the set of favorable conditions for the abundant 
production of red flame photons, there is at 
least one catch. You cannot supply proportion- 
ately more of one ingredient without at the same 
time providing less of all the others. For exam- 
ple, the only way to provide a greater percent- 
age of strontium carbonate is to use lesser per- 
centages of other ingredients. Thus it is not 
possible to simultaneously provide more stron- 
tium carbonate (eq 17), more potassium per- 
chlorate and red gum (eq 16), and more chlo- 
rine donor (eq 19). Even more importantly, it is 
necessary to consider the competing (unfavor- 
able) reactions producing detrimental species 
such as illustrated in Figure 42 and whose det- 
rimental emissions were summarized in Ta- 
ble 12. Some of these unfavorable monochlo- 
ride reactions are expressed more completely in 
equations 25 to 29, wherein heat and other reac- 
tants and products are explicitly shown. 


SrCl°(2) rly, cl° S&S SrChvy + Heat (25) 
SrCl*(., + Heat <> Sr, + Cl° (26) 
Sti + Heat <> Sr + & (27) 


SrCl* (2) + H,0¢@) © SrOH*® + HCl (28) 
SrCl°(2) + O° © SrOq + Cl® + Heat (29) 


Considering equations 25 to 29 in terms of 
Le Chatelier’s Principal, the favorable condi- 
tions (stresses) are those that tend to limit the 
extent to which the reactions occur (i.e., shift 
the equilibrium toward the left). In equation 25, 
there will be a reduced tendency for the 
monochloride molecules to condense to form 
liquid droplets of strontium chloride, if the 
amount of available chlorine is reduced and if a 
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high flame temperature is maintained. In equa- 
tion 26, there will be a reduced tendency for the 
monochloride molecules to be lost by their de- 
composing, if the amount of available chlorine 
is increased and the flame temperature is re- 
duced. Note that this is exactly the opposite pair 
of conditions that were favorable for equation 25. 
In equation 27, as strontium atoms become ion- 
ized, there will be a decrease in the number of 
strontium atoms to potentially recombine with 
chlorine atoms to reform the strontium mono- 
chloride (eq 26). Thus the favorable conditions 
for equation 27 are lower flame temperature and 
more free electrons in the flame. In equation 28, 
less strontium monochloride will be converted 
to the monohydroxide if less water vapor is pre- 
sent in the flame and more hydrogen chloride is 
available. To some extent this is self contradict- 
ing. The only way to have hydrogen chloride 
present is if the fuel (eq 16) and the chlorine 
donor contain hydrogen; yet if they contain hy- 
drogen they will also produce water vapor in 
the flame. In equation 29, the loss of strontium 
monochloride because of the formation of 
strontium oxide, can be diminished by increas- 
ing flame temperature and to some extent by 
limiting the amount of oxygen in the flame (.e., 
by using a fuel rich pyrogen in equation 16). 
However, again this is self contradicting. By 
using a fuel rich mixture (non-optimum fuel to 
oxidizer ratio) less heat would be produced, 
which means a lower flame temperature. Some 
of the favorable conditions for equations 25 to 
29 are summarized in Table 14. 


Table 14. A List of the Conditions for 
Losing Less Strontium Monochloride, from 
Equations 25 through 29. 


Favorable Conditions for 
Red Light Production Eq. 


Less Cl*® and More Heat 25 


More Cl* and Less Heat 26 


More e and Less Heat 27 


More HCI and Less HzO 28 


Less O2 and More Heat 29 


Considering the many contradictions between 
and within Tables 13 and 14, it is obvious that 
there is no simple solution to optimizing the 
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production of red light from strontium mono- 
chloride. However, difficult is not the same as 
impossible. First, it is possible is to make a se- 
ries of adjustments to the pyrotechnic composi- 
tion, each time seeking to optimize the color 
output. Second, and more importantly, it is pos- 
sible to find alternatives that circumvent some 
of the potential problems. This will be discussed 
for strontium monochloride red flames in the 
next section. 


Optimizing Red Flame Chemistry 


There are two categories of approaches to 
optimizing colored flame chemistry; 1) things 
to adjust and 2) basic alternatives. When making 
adjustments, there is probably nothing to adjust 
for which more and more (or less and less) can 
be counted on to continue to make an improve- 
ment in flame color. The goal is to find the op- 
timum adjustment, that for which the overall 
flame color quality is of the highest. This color 
is illustrated in Figure 43. (Note: Reference 30 
presents the results of a series of experiments 
wherein the percent oxidizer and the percent 
chlorine donor were varied while noting the 
effect on color purity and dominant wavelength 
of the flames produced.) 


One factor to consider adjusting is the amount 
of color agent used. Obviously, when no color 
agent is used, none of the desired color species 
can be produced. When more, but still too little, 
of the color agent is used, the amount of the 
desired color species produced will be quite low. 
While the flame may be bright because of a high 


Overall Color Quality 


Factor Being Adjusted 


Figure 43. Illustration of the effect likely to be 
produced by adjusting colored flame 
formulations. 


flame temperature, the color will be faint because 
of too little of the color species. On the other 
hand, the decomposition and vaporization of the 
color agent requires thermal energy. When too 
much of the color agent is used, too much of the 
available thermal energy will be consumed in 
that process, which is reflected as a drop in 
flame temperature. Thus, in this case, even if an 
abundant amount of the color species is gener- 
ated, the flame temperature will no longer be 
high enough to produce sufficient electron exci- 
tation. As a consequence, the flame will be too 
dim to be effective. This is summarized in the 
first line in Table 15. The optimum amount of 
color agent to use is the amount that produces an 
ample amount of the color species without seri- 
ously reducing flame temperature. Generally this 
must be determined by experimenting. 


Table 15. Adjustments to Flame Chemistry to Optimize Color. 


Factor Being Too Little or Too Low 
Adjusted Effect Observed 


Too little color 
Species produced 
Too little preferred 

color species 

Small dim flame | Flame temperature 
low and SrO¢ors) 
POLS a mnmnnnnnnnnnen 
Too little energy for 
electron excitation 


Amount of color 


Color too faint 
FAQS cums snussnsinnnsinnunnnnn 


Amount of chlorine ||Color too faint or 
donor too orange 


Fuel to oxidizer 


; with reduced 
ratio 


Flame temperature ||Flame too dim 
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A similar situation exists regarding the ad- 
justment of the amount of chlorine donor used. 
With too little chlorine donor, too little of the 
most desirable color species (the monochloride) 
will be produced. While there is some potential 
for chlorine donors to act as fuels, they are gen- 
erally poor fuels at best. Thus if a very large 
amount of chlorine donor is used, even if the 
amount of oxidizer is also increased, the total 
amount of thermal energy produced by the 
flame will be less. In turn the flame temperature 
will be reduced, which results in a dim flame. 
As when adjusting the amount of color agent, 
the optimum amount of chlorine donor is that 
which produces an ample amount of color spe- 
cies without causing too great a reduction in 
flame temperature. (See Table 15, Line 2.) 


To some extent, the fuel to oxidizer ratio can 
be adjusted to improve the overall appearance 
of the flame. It is true that there is one ratio that 
results in the greatest release of thermal energy 
from the pyrogen. However, there is an addi- 
tional effect worth considering. If the flame is 
slightly fuel rich, the flame envelope will ex- 
pand somewhat because the chemical reaction 
of some of the fuel is delayed until sufficient 
atmospheric oxygen diffuses into the flame to 
react with the excess fuel. This larger flame 
envelope is thought to present a less harsh and 
more attractive appearance. On the other hand, 
an excess of oxidizer causes the flame envelope 
to shrink; the flame is generally thought to have 
a more harsh appearance plus there will be in- 
creased production of condensed strontium ox- 
ide, which will weaken flame color. (See Ta- 
ble 15, Line 3.) 


Various combinations of fuels and oxidizers 
react to produce differing amounts of thermal 
energy (see Tables 5 and 6). Accordingly, flame 
temperature can be adjusted by choosing vari- 
ous combinations and mixtures of fuels and 
oxidizers. As noted above, when the flame tem- 
perature is too low, there is not sufficient en- 
ergy available to excite the numbers of elec- 
trons in the color species needed to produce an 
ample amount of light. Generally it is thought 
that the flame temperature must exceed approxi- 
mately 2000 °C to be effective as a source of 
colored light.'””! (However, one study reporting 
on nitrate and non-metal fuel colored flames!'*! 
suggests that this is not universally correct.) On 
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the other extreme, excessively high flame tem- 
peratures are capable of supplying sufficient 
energy to decompose the color species, thus 
having the effect of producing a bright but 
faintly colored flame. (See Table 15, last line.) 


While only so much can be done to adjust a 
given color formulation, this is not the full range 
of possibilities to produce improved flame 
color. Often there are alternate approaches that 
can be taken and which offer the possibility of 
substantially greater improvements in flame 
color. For example, color agents such as car- 
bonates and oxalates require energy for their 
decomposition. This generally has the effect of 
limiting the amount of color agent that can be 
used to around 10 or 12% before the flame tem- 
perature falls too low to be effective. However, 
by using what might be called double-duty color 
agents, those that perform two functions, the 
amount of color agent used can be significantly 
greater without reducing flame temperature. 
Consider the use of strontium nitrate in the dual 
role of oxidizer and color agent: 


Sr(NO3)2 + Fuel > 
SrO + Oxidized Fuel + Heat (30) 


In this case, the production of strontium oxide, 
which is used in the production of the 
monochloride color species (eq 18), generates 
heat. This is in strong contrast with it consum- 
ing heat as in equation 17. 


As another example of a double-duty color 
agent, consider the use of strontium benzoate in 
the dual role of fuel and color agent: 


Oxidizer + Sr(C;HsO2)2 — SrO + 
Combustion Products + Heat (31) 


Again, heat is generated collaterally with the 
production of strontium oxide. Because nitrates, 
as oxidizers, are not as effective as perchlorates, 
it will generally be necessary to use either a 
mixture of nitrate and perchlorate oxidizers or a 
fuel (or mixture of fuels) that is capable of pro- 
ducing more energy. (Generally, metal fuels 
produce the greatest amount of thermal energy 
(see Table 6).) 


Most chlorine donors have some fuel value 
but it is generally significantly less than the 
primary fuel in the color formulation. Accord- 
ingly this puts a limit on the amount of chlorine 
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donor that can be used before the flame tem- 
perature falls too low to be effective. One way 
to put more chlorine into the flame is to con- 
sider chlorine donors that contain a higher per- 
centage of chlorine, see Table 11. However, even 
here there is probably a trade-off in that those 
chlorine donors with the highest amount of 
chlorine are likely the ones with the lowest fuel 
value. (Unfortunately this is not been well re- 
ported in the literature.) One way to compen- 
sate for using a larger amount of a chlorine do- 
nor that has a low fuel value is to use a fuel (or 
mixture of fuels) that is capable of producing 
more energy. Also, some chlorine donors (most 
notably, Parlon®) can double as the binder for a 
composition. While this can be effective in in- 
troducing a little more chlorine into a flame, 
there are some resultant operational difficulties. 
It is generally necessary to use solvents that are 
flammable, and the composition may be quite 
sticky, making it somewhat difficult to process. 


After having chosen a double-duty color 
agent, and a chlorine donor with both a rela- 
tively high percentage of chlorine and a rela- 
tively good fuel value, there is still more that 
can be done. To facilitate the use of even more 
color agent and chlorine donor, while maintain- 
ing ample flame temperature, a relatively high 
percentage of metal fuel can be used. However, 
this can introduce some difficulties such as in- 
troducing incandescing metal oxide particles 
into the flame, the need to use non-aqueous 
binding, and difficulty with ignition. Nonethe- 
less, it is possible to deal with these problems 
when necessary. (This is discussed later in this 
chapter.) 


At this point in the discussion of red flame 
chemistry, it might be instructive to consider 
how the pyrotechnic formulations for red stars 
have changed over the years. Table 16 presents 
three formulations, the first being typical of 
those used around 1950. In this formulation, 
potassium chlorate is the oxidizer, there is a 
mixture of non-metal fuels, and strontium car- 
bonate is the color agent. In this formulation 
there was neither an independent source of 
chlorine nor an effective way of effectively 
freeing it from potassium chlorate. Accord- 
ingly, the principal color species must have 
been strontium monohydroxide, with its less 
desirable orangish-red dominant wavelength. 
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Table 16. Various Red Star Formulations. 


Approximate Date > | 1950 | 1975 | 1985 
Ingredient 
66 — — 


Potassium chlorate 


Dextrin (or rice starch) 


eS 
[Reference _——s| 48 *| 8c] 9 | 


The formulation that dates to around 1975 
replaced potassium chlorate with the safer per- 
chlorate alternative and added a small amount 
of polyvinyl chloride as a source of chlorine. 
While it is likely that the emissions of strontium 
monohydroxide still would predominate in the 
flame, the additional contributions from the 
monochloride must have shifted the dominant 
wavelength somewhat farther into the red. 


The formulation starting to be widely used 
by about 1985 (at least in high level fireworks 
competitions) makes some important improve- 
ments. First is the use of strontium nitrate as a 
“double duty” oxidizer. This has the effect of 
introducing about four times the amount of 
strontium into the flame. However, because 
nitrates on their own do not produce a suffi- 
ciently high flame temperature to generate bright 
flames, magnalium (magnesium—aluminum al- 
loy) with its high enthalpy of combustion was 
used as the primary fuel. The Parlon® also had 
multiple functions; most importantly it is the 
chlorine donor (probably actually a hydrogen 
chloride donor), but it is also a secondary fuel 
and the binder. By using the chlorine donor in 
more that one capacity, much more of it could 
be incorporated into the formulation; in this 
case providing about 15 times more chlorine 
than the 1975 formulation. The net result of 
these improvements is that the dominant flame 
emissions must be from strontium monochlo- 
ride and the high flame temperature must make 
the flame brighter. 
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The most recent developments!'??'! in red 


flame formulations have made further improve- 
ments in the dominant wavelength and purity. 
Much of the improvement is probably the result 
of eliminating incandescing reaction products 
from the flame (mostly resulting from eliminat- 
ing the use of the metal fuel present in the 1985 
formulation). (The potential problems with us- 
ing metal fuels is discussed later in this chap- 
ter.) While a proper discussion of these recent 
colored flame developments is beyond the 
scope of this chapter, it might be interesting to 
compare the spectra of one of the “best-yet” red 
flames with what is probably the best that is 
theoretically possible, a pure strontium mono- 
chloride spectrum, see Figure 44. Note that the 
predominant peaks in the star spectrum are the 
emissions from strontium monochloride. How- 
ever, the star spectrum has a series of minor 
peaks in the range from approximately 590 to 
620 nm, which would be perceived as being 
orange. The effect is that the dominant wave- 
length of the star is shifted slightly toward the 
orange as compared with the monochloride 
spectrum. In the red star spectrum, the most 
significant interfering contributions come from 
sodium present as an impurity (at 590 nm), 
strontium monohydroxide bands (most promi- 
nently at 606 nm), and calcium present as an 
impurity (most prominently at 593, 619, and 
621 nm). 


Sodium is such a powerful emitter that even 
in near trace quantities it will be visible in star 
spectra. Considering that commercially pro- 
duced colored flame compositions are made 
using technical grade chemicals, it is probably 
fortunate that the amount of sodium present as 
an impurity can be described as a near trace 
quantity. While a trace amount of sodium is 
expected in most of the non-metal components 
of a formulation, the oxidizer, which is present 
in the largest amount, is generally the largest 
contributor of sodium. In the red star spectrum, 
it is clear that the monochloride predominates, 
yet a small amount of the monohydroxide re- 
mains and is presumably unavoidable since the 
star formulation includes components that con- 
tain hydrogen. Calcium impurities are present 
presumably because it is in the same chemical 
group (family) as strontium, which means they 
both have very similar chemical properties. Ac- 
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Figure 44. A comparison of the spectrum from 
a very high quality red star with that solely 
from strontium monochloride. 

(The Y-axes are relative intensity.) 


cordingly, technical grade strontium chemicals 
are likely to contain a small amount of calcium 
as well. 


Green and Orange 
Colored Flame Chemistry 


Fortunately, the discussion of green and or- 
ange colored flame chemistry can be rather brief. 
This is because: 1) the monohydroxides and 
monochlorides of barium and calcium are the 
dominant green and orange color species, and 
2) barium and calcium are in the same chemical 
group (family) as strontium. Virtually every- 
thing that was said about strontium red flames 
and about controlling red flame chemistry ap- 
plies equally to barium green and calcium or- 
ange flames, and thus does not need to be said 
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again. This section will be devoted to those few 
things that are different. 


For barium green flames the monochloride 
is the preferred emitter. However, unlike stron- 
tium, the reason is not that its dominant wave- 
length is better. The emissions from the barium 
monohydroxide (507 nm) are actually some- 
what more favorably located in the green color 
region of the chromaticity diagram than are 
those of the monochloride (522 nm). (However, 
barium monohydroxide emissions are a little 
lower purity than are those of barium mono- 
chloride, see Figure 41.) The main reason the 
monochloride is preferred is that the monohy- 
droxide is quite a weak emitter by comparison. 
The difficulty with trying to use the monohy- 
droxide as the principal emitter is that it has 
overwhelming difficulty competing with other 
interfering emissions from the flame. This has 
the effect ofa devastating reduction of purity for 
the composite flame emissions. The upper spec- 
trum in Figure 45 is from one of the “best-yet” 
green formulations. Note that the problem in this 
case is the relatively strong interfering emis- 
sions between approximately 590 and 620 nm, 
originating from atomic sodium (590 nm) and 
calcium monochloride (593 to 621 nm). In ad- 
dition, there are minor interferences from the 
strontium monochloride (636 to 674nm). If 
these impurities (especially the sodium and cal- 
cium) were scrupulously eliminated, the color 
would be favorably shifted toward the center of 
the green area of the chromaticity diagram, and 
the purity would be significantly increased. 


For calcium orange flames, the monohydrox- 
ide is the preferred color species. This is because 
its dominant wavelength (600 nm) is closer to 
that which is perceived as orange than are those 
from the monochloride (dominant wave length, 
609 nm). To favor the production of calcium 
monohydroxide, a formulation should contain no 
chlorine donor and should have fuels containing 
an abundance of hydrogen. However, even after 
maximizing the production of the monohydrox- 
ide, the emissions of a calcium orange composi- 
tion will still appear reddish-orange. There is, 
however, a way to make an orange colored flame 
formulation whose emissions are perceived as 
orange, and which can be easily adjusted to ac- 
commodate producing the entire range of colors 
from reddish-orange to yellowish-orange!'*! and 
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Figure 45. A comparison of the spectrum from 
a high quality green star with that from barium 
monochloride. 

(The Y-axes are relative intensity.) 


beyond. The basis for this method is illustrated 
in Figure 46. In this case a colored flame com- 
position is formulated to produce both stron- 
tium monohydroxide and atomic sodium as the 
color species. Then by adjusting the ratio of the 
strontium and sodium color agents, any of the 
colors between the two color points shown in 
Figure 46 can be produced. A slight modifica- 
tion of this approach is shown in the orange flame 
spectrum of Figure 47. Here the two color spe- 
cies used are the monochlorides of calcium and 
barium (with atomic sodium only present as an 
impurity). Using this colored flame formulation 
and adjusting the ratio of calcium to barium, the 
range of colors produced can be extended be- 
yond orange, to yellow and yellowish-green. 
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Figure 46. An illustration of the production of 
a range of orange colors by mixing strontium 
monohydroxide and sodium emissions. 
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Figure 47. The spectrum of a star perceived 
as orange, by mixing the emissions of the 
monochlorides of calcium and barium. 

(The Y-axis is the relative intensity.) 


Yellow Colored Flame Chemistry 


Sodium is the only atomic color species 
commonly used in pyrotechnic colored flames. 
Its principal emissions are a pair of lines that 
are so close together (589.0 and 589.6 nm) that 
the most common types of spectrometer used in 
pyrotechnic research are not able to resolve 
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them into two peaks. Thus when sodium emis- 
sions are seen in the spectra of this chapter, 
they appear as a single peak. Unlike what is 
commonly believed, sodium atoms—emitting at 
590 nm—actually produce orange light. (Light 
perceived as relatively pure yellow will have a 
wavelength in the narrow range from approxi- 
mately 576 to 580 nm, see Figure 22.) 


In reviewing published yellow flame formu- 
lations, it seems that three different approaches 
are taken regarding the orange versus yellow 
issue. The first approach is to simply ignore the 
matter and have “yellow” stars that produce 
mostly orange light. (It might be of interest to 
point out that some virtually identical formula- 
tions have been described in the literature as 
both “yellow” and “amber” color producing 
compositions.'"!) The second approach is to 
add a source of continuous emissions to the 
flame. This reduces the purity of sodium’s or- 
ange emissions, so that it may more nearly be 
perceived as yellow. One way to add a source 
of continuous emissions is to use a metal fuel 
under conditions that produce incandescent 
metal oxide particles in the flame. Also, the 
continuous emissions from the incandescence 
of some metals (e.g., aluminum) can have their 
dominant incandescent wavelength appear yel- 
low.'”"! Another way to add a source of con- 
tinuous emission is to use a moderate amount of 
sodium (>5% atomic sodium) and raise the 
flame temperature to above 2230 °C. This will 
cause the production of a resonance line contin- 
uum ranging from approximately 570 to 
610 nm.") The third, and certainly the best, 
approach is to add a barium compound, typi- 
cally barium nitrate, to the sodium yellow com- 
position. This is the only truly effective way to 
shift the color produced by sodium to a true 
yellow of high purity. This would be accom- 
plished using much the same method as was 
discussed for orange flame color. 


Before leaving the subject of sodium yellow 
flames, two potential problems need to be ad- 
dressed. The first is hygroscopicity, the ten- 
dency for a chemical to draw moisture from the 
air. Many sodium compounds are too hygro- 
scopic for general use, two examples are so- 
dium nitrate and sodium chlorate. A better 
choice is sodium oxalate, and probably the best 
choice is cryolite (sodium fluoroaluminate). 
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The other problem for sodium yellow flame 
compositions is the potential for adverse chemi- 
cal reactions between soluble sodium com- 
pounds and magnesium or magnalium that could 
potentially result in spontaneous ignition of 
damp compositions. One solution to both prob- 
lems (hygroscopicity and adverse chemical re- 
actions) can be the use of nonaqueous binding. 


Blue and Purple 
Colored Flame Chemistry 


Copper is not in the same chemical group as 
strontium, nonetheless, the flame chemistry of 
copper is similar to that of strontium. Accord- 
ingly, only those few relevant differences will 
be discussed in this section. 


Blue flame color is reputed to be the most 
difficult color to produce, and based on the pu- 
rity and dominant wavelength of the “best-yet” 
blue flame formulations, this is true (see Ta- 
ble 3). The only common blue emitting color 
species is copper monochloride (465 nm). The 
emissions of copper monohydroxide (548 nm) 
are perceived as green. Further, even the pure 
spectrum of copper monochloride only has a 
purity of 88% and it has a dominant wavelength 
that is perceived as violet-blue and not blue. 
The reason for the relatively low purity can be 
seen in the copper monochloride spectrum in 
Figure 48. In addition to the collection of bands 
from approximately 400 to 480 nm (perceived 
as violet-blue through blue), there are emissions 
that range from approximately 480 to 560 nm 
(perceived as greenish-blue through greenish- 
yellow). Although these detrimental monochlo- 
ride bands are not strong, they are sufficient to 
significantly weaken the overall purity of the 
copper monochloride emissions (possibly see 
again Figure 32). 


In comparing the spectra of a “best-yet” blue 
star and copper monochloride, three things are 
most noticeable: first is the presence of the so- 
dium peak (590 nm), second is a continuum ex- 
tending throughout the longer wavelength region 
(from at least 480 to 730 nm) and third is the 
presence of minor contributions from calcium 
(near 610 and 620 nm). All three of these features 
have the effect of reducing the purity of the 
composite color by drawing it toward white. 
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Figure 48. A comparison of the spectrum from 
a high quality blue star with that from copper 
monochloride. 

(The Y-axes are relative intensity.) 


It had once been suggested by the authors 
that a small contribution from the yellowish- 
green emissions of copper monohydroxide, 
might actually be useful in producing a flame 
color that is more nearly blue rather than violet 
blue. This argument is illustrated in Figure 49. 
Here the spectral emissions of the collection of 
copper monochloride bands produces the color 
point in the lower left of the chromaticity dia- 
gram, while those of the monohydroxide pro- 
duce the color point near the top of the diagram. 
If approximately 10% of the emissions origi- 
nate with copper monohydroxide, the compos- 
ite color point will shift position. It will move 
from the violet-blue area of the chromaticity 
diagram, into the blue region. Although it is 
true that the shift in dominant wavelength is an 
improvement, it is somewhat difficult to accept 
that the accompanying loss in purity is a fair 
trade for the small shift in dominant wave- 
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Figure 49. An illustration of the basis for the 
no longer accepted argument that a small 
contribution from copper monohydroxide is 
useful in improving blue flame color. 


length. This is especially the case in reality be- 
cause of the additional loss in purity from the 
three factors discussed in the preceding para- 
graph. 

As was described much earlier in this chap- 
ter, purple is a non-spectral color, and as such it 
must be produced using a mixture of emissions 
from the extreme ends of the visible light spec- 
trum. No one color species is known to meet this 
requirement and the best that can be done is to 
combine the spectral emissions of the mono- 
chlorides of copper and strontium (possibly see 
again Figure 36). Fortunately, both emitters are 
monochlorides and their chemistry is mutually 
compatible, such that their combination is prac- 
tical. Figure 50 is an illustration of the possibili- 
ties regarding this. Various mixtures of emis- 
sions of the two monochlorides can be used to 
produce any of the colors along the line con- 
necting their two color points near the bottom 
of the figure. This includes a range of purples 
of reasonably high purity. However, in the in- 
evitable situation where some contribution from 
the monohydroxides exists, the purity of the 
purple color quickly decreases. Here the effect 
is not principally from a shift in the composite 
strontium color point but rather from the shift in 
the copper’s composite color point. In Fig- 
ure 50, a 20% contribution from the monohy- 
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Figure 50. An illustration of forming purple 
from the emissions of strontium and copper 
color species. 


droxides will shift the color point from purple 
to purplish-white. Not shown in Figure 50 is the 
further adverse effect that emissions from so- 
dium and other flame species will have on the 
purity of a purple flame. Figure 51 is the spec- 
trum of a “best-yet” purple star. 
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Figure 51. The spectrum of a star perceived as 
purple that was made by mixing the emissions 
of the monochlorides of strontium and copper 
with relatively little contribution from their 
monohydroxides. 
(The Y-axis is the relative intensity.) 
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Additional Considerations 
Regarding Oxidizers 


There are at least three good reasons for us- 
ing potassium perchlorate or potassium chlorate 
as the oxidizer in colored flame formulations. 
First, potassium produces only weak emissions 
at 405 nm, in the extreme violet that is almost 
beyond the range of human vision and in the 
barely perceptible red at 766 and 770 nm. These 
lines, together with the continuum produced by 
the radiative recombination of potassium atoms 
and hydroxy] radicals,'"! are responsible for the 
pale violet color of potassium flames. Thus the 
presence of potassium does not noticeably de- 
grade the desirable emissions of the color spe- 
cies. Second, potassium oxidizers are relatively 
inexpensive and non-hygroscopic, thus meeting 
practical needs in manufacturing. Third, potas- 
sium oxidizers serve as ionization buffers.'“*! Of 
the various metal elements involved with col- 
ored flame production, potassium has the low- 
est ionization energy, see Table 17. This can be 
important, especially at higher flame tempera- 
tures (those used to produce brighter flames). In 
that case, helping to prevent the loss of the color 
species (molecules) can be important. Since po- 
tassium has the lowest of the listed ionization 
energies, it will be the first of the listed metals 
to ionize in a flame (eq 32). This adds free elec- 
trons to the flame, which act as a desirable 
stress (Le Chatelier’s Principle) that tends to 
suppress the ionization of the metal of the color 
species (e.g., the first ionization of strontium in 
equation 33). This helps prevent the loss of 
strontium atoms in the flame and is thus a de- 
sirable stress that acts to help prevent the loss of 
strontium monochloride, equation 34. 


K° + Heat > K' + & (32) 
Sr° + Heat ¢ Sr? + & (33) 
SrCl® + Heat « Sr? + CI° (34) 


Some considerable caution is warranted if one 
chooses to use potassium chlorate over potas- 
sium perchlorate. This is because of the height- 
ened sensitiveness to accidental ignition of chlo- 
rate-based compositions. For example in sensi- 
tiveness testing of equivalent compositions us- 
ing potassium chlorate and potassium perchlo- 
rate, it is common to find that the energy re- 
quired to ignite the potassium perchlorate com- 
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Table 17. First Ionization Energy of Some 
Metals of Interest. 


First lonization Energy“ 
kJ/mol 


Potassium 


a) Derived from information in reference 51. 


positions is at least 50% greater than it is for the 
chlorate compositions.'! This is a result of po- 
tassium perchlorate having a higher activation 
energy barrier, see Figure 52. (The height of the 
activation energy barrier serves to reduce the 
likelihood of the accidental ignition of compo- 
sitions based on potassium perchlorate in com- 
parison with those using potassium chlorate.) 
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Figure 52. An illustration of the higher 
activation energy barrier for potassium 
perchlorate as compared with potassium 
chlorate composition. 


Barium chlorate has a powerful potential 
advantage for use as an oxidizer in colored 
flame compositions. In effect it performs triple 
duty as an oxidizer, color agent and chlorine 
donor. This is because its decomposition prod- 
ucts include barium chloride, equation 35 [Bd] 


Ba(ClO3)2 — BaCl, + 3 Oo (35) 


However, as with potassium chlorate, the ease 
with which an accidental ignition can occur is a 
problem, especially since the activation energy 
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barrier of barium chlorate may be even lower 
than that of potassium chlorate. 


Ammonium perchlorate has a potential ad- 
vantage for use as an oxidizer for colored flame 
compositions because its decomposition prod- 
ucts include hydrogen chloride, equation 15. 
This allows it to function as a chlorine donor in 
addition to its role as an oxidizer.'**! However, 
the production of hydrogen chloride gas (which 
is odorous, corrosive and toxic) is a serious dis- 
advantage if the composition is intended for use 
in indoor effects. Another potential disadvan- 
tage is that if a composition contains both am- 
monium perchlorate and potassium chlorate, 
there is the potential to form spontaneously ex- 
plosive ammonium chlorate via a double re- 
placement reaction (metathesis). 


Nitrate oxidizers with non-metal fuels have 
been demonstrated to produce satisfactory flame 
colors.''*! However, while this study was quite 
instructive, this approach is essentially never 
used in practice, presumably because the flames 
are only of modest brightness. This not with- 
standing, both strontium and barium nitrates, in 
combination with metal fuels, can be effectively 
used for excellent colored flame production. 
This is because the oxidizers perform double 
duty as both the oxidizer and the color agent, 
and the metal fuel increases the amount of heat 
energy produced. 


Additional Considerations 
Regarding Fuels 


The relatively large amount of heat pro- 
duced by metal fuels in colored flame formula- 
tions can be quite effective in helping to pro- 
duce bright high purity colored flames. This is 
because their use allows increasing the percent- 
age of color agent and chlorine donor, beyond 
that which could ordinarily be tolerated. The 
end result is the production of more of the de- 
sired color species, which can act to increase 
the purity of the color produced. Further, be- 
cause of the increased amount of color species 
present in the flame, it should be possible to 
tolerate somewhat higher flame temperatures 
(brighter flames) before the decomposition of 
the color species reaches unacceptable levels. 
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Aluminum, magnesium and magnalium 
(magnesium—aluminum alloy) are about the only 
metal fuels used in colored flame formulations. 
However, in terms of safety, convenience and 
performance they are not equivalent. Aluminum 
is the least sensitive to accidental ignition and 
adverse chemical reactions because of its strong 
oxide coating. Magnalium with at least 30% 
aluminum seems to have a reasonably effective 
oxide coating and it places second in terms of 
sensitiveness. Although magnesium does oxi- 
dize, it does not provide effective protection to 
the metal. Thus in terms of safety, aluminum is 
best, followed by magnalium, then magnesium, 
see Table 18. 


Table 18. Relative Safety, Convenience and 
Performance of Metal Fuels 


Al > Mg/Al > Mg 
Mg > Mg/Al > Al 


Performance 


The degree to which the surface of metal 
particles are not protected by an oxide coating, 
determines what alternative steps are necessary 
to sufficiently protect the metal from adverse 
reactions. For magnesium, generally it is neces- 
sary to apply a coating to the metal. Treatment 
with boiled linseed oil or potasstum dichromate 
have been the traditional methods." However, 
coating with linseed oil is difficult, and there 
are health concerns regarding the use of potas- 
sium dichromate.*! Recent work!*! has dem- 
onstrated the effectiveness of other more benign 
coatings. As an alternative to coating magne- 
sium, it is possible to use nonaqueous binding 
(for example, nitrocellulose with acetone, Par- 
lon® with a mixture of acetone and methyl 
ethyl ketone, and red gum or shellac with dry 
alcohol). By contrast, aluminum is so well pro- 
tected by its oxide coating that about all that is 
ever considered is the addition of a small amount 
(0.1 to 0.5%) of boric acid to compositions to 
help stabilize the oxide coating. The need for 
coating magnalium lies between that for mag- 
nesium and aluminum. Accordingly, the trend 
for convenience of use follows that for safety in 
Table 18. 
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When metals are consumed in pyrotechnic 
flames, they form metal oxides; for the meal 
fuels under discussion, those are aluminum ox- 
ide, magnesium oxide, or both. These oxides 
have boiling points greater than the temperature 
of colored flames, see Table 19. These non- 
vaporized metal oxides, when present in colored 
flames, will incandesce and the continuous spec- 
trum produced will act to decrease the purity of 
the composite colored light produced. Fortu- 
nately when magnesium is used, the problem of 
such incandescence can be overcome. At tem- 
peratures above 1950 °C, magnesium oxide will 
react with free carbon to produce carbon mon- 
oxide and magnesium,” 4] equation 36. Since the 
flame temperature is well above the boiling point 
of magnesium, see Table 19, it would remain 
vaporized in the flame. Generally, the carbon 
particles would be supplied by the decomposi- 
tion of a slight excess of an organic fuel.!*#! 


MgO; + Ce) % Mg + CO¢) (36) 


However, one would expect that magnesium 
oxide would tend to reform in the outer regions 
of the flame envelope, where the temperature is 
lower and oxygen from the air has diffused into 
the flame. Another potential disadvantage to this 
approach is that to the extent solid carbon is 
present in the flame, it will incandesce until it is 
oxidized in the outer regions of the flame enve- 
lope. 


Table 19. Boiling Points of Metals and Metal 


Compounds. 
Boiling Point 
Metal or Metal Compound (°c)®) 
| Magnesium oxide (MgO) 3600 


Magnesium chloride 


(MgCl) 1412 


Aluminum chloride (AICI3) d 262 


d = Aluminum chloride sublimes at 178 °C and de- 
composes at 262 °C. 


a) From reference 55. 


Another approach to solving the incandes- 
cence problem is to cause the magnesium oxide 
to react with chlorine or hydrogen chloride to 
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produce magnesium chloride,'**! equation 37. 


Since the flame temperature is well above the 
boiling point of magnesium chloride (1412 °C), 
it will remain vaporized and thus not emit a 
continuous spectrum. 


MgO.) + 2 HCl) ard 
MgChy) + H2O() (37) 


In this case the chlorine or hydrogen chloride is 
likely to already be present in the flame, having 
been supplied by the chlorine donor. The only 
disadvantage of this approach is the reduction 
in available chlorine or hydrogen chloride in 
the flame, which may need to be compensated 
for. Nonetheless, this is a small price to pay for 
the elimination of the incandescence. 


Aluminum oxide can also undergo the reac- 
tions in equations 36 and 37.'**! However, em- 
pirical observations indicate that the reactions 
provide a lesser degree of success. Regarding the 
reaction with carbon, although it has not been 
measured, based on calculations, it is likely that 
the temperature needed is approximately 
2140 °C," or about 300 °C higher than that for 
magnesium. At over 2100 °C, this is likely to 
be at or above the maximum temperature avail- 
able in some colored flames. Also, unless the 
flame remains above the boiling point of alumi- 
num (2467 °C) the aluminum so produced may 
remain as a liquid and may continue to incan- 
desce. Finally, if it is necessary to have the 
flame temperature sufficiently high to keep the 
aluminum from condensing, there is the prob- 
lem of the color species being lost owing to 
their decomposition at such a high flame tem- 
perature. 


In terms of the production of aluminum 
chloride, note in Table 19 that it decomposes at 
262 °C. Apparently, based on the continuous 
spectral component produced, the decomposi- 
tion product is not vaporized at normal flame 
temperatures. The incandescence that occurs 
when using aluminum as a fuel acts to signifi- 
cantly reduce color purity. 


Unfortunately, in terms of performance in 
producing high purity colors, the trend is the 
reverse of those for safety and convenience, 
with magnesium being best, followed by mag- 
nalium and then aluminum. 
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While on the subject of fuels for colored 
flames, an additional subject deserves to be dis- 
cussed. When oxygen diffuses into the outer 
regions of the flame envelope, some of the de- 
sired color species will be replaced with their 
oxides. Unfortunately, the oxides do not have 
emissions that are the same color as those of the 
color species. This has the effect of altering the 
color of the flame tips. The emissive colors of 
the oxides are given in Table 20. For strontium 
reds, the presence of orange flame tips would 
not be noticeable. However, given the high boil- 
ing point of strontium oxide (= 3000 °C) and 
the likely flame temperatures, it will condense 
to produce a continuous spectrum. For green 
and especially blue, the yellowish and pinkish 
flame tips, respectively, are quite noticeable to 
an observer at close range. It has been sug- 
gested that the use of an additional amount of a 
low reactivity fuel, sometimes called a flame 
deoxidizing agent, may be of benefit.*! Some 
possibilities for such fuels are hexamine, stearic 
acid, sulfur, asphaltum, para-dichlorobenzene, 
and graphite. However, while it is easy for an 
observer at close range to see the discolored tips 
of green and blue flames, it is generally quite 
difficult to detect the spectra of the oxides with 
a spectrometer. This is because the relatively 
weak emissions of the oxides are overpowered by 
the much stronger emissions from the heart of 
the flame envelope. Accordingly, for practical 
purposes it seems apparent that the emissions of 
the oxides in the flame tips can be ignored. 


Table 20. Colors Produced by the Oxides of 


the Primary Color Species. 


Metal Oxide 
Strontium oxide (SrO,q)) 


Flame Color 
Orange 


Considerations Regarding 
Ignitability and Burning 


The ignition and burning characteristics of 
colored flame compositions can be quite impor- 
tant. In this regard it should be mentioned that 
some chlorine donors (e.g., Saran® resin and 
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Parlon®) result in compositions that are signifi- 
cantly easier to ignite than compositions made 
with some other chlorine donors (e.g., polyviny] 
chloride). Similarly, not all fuels are equally 
easy to ignite. For example, charcoal and metals 
are relatively difficult to ignite when they are 
the only fuels in a composition, while red gum 
and shellac ignite easily. 


The use of potassium dichromate as a burn 
catalyst is quite effective when used with potas- 
sium perchlorate to aid in ignition and to help 
stars resist being extinguished when traveling 
through the air at high speed. However, its use 
has the effect of seriously weakening the flame 
color produced, even when the potassium di- 
chromate is present in relatively small amounts. 
The use of ammonium perchlorate facilitates 
the production of excellent flame colors, but its 
compositions tend to burn slowly and produce 
relatively small flames, except when catalyzed 
with copper compounds, whose presence is a 
problem for all colors except blue. 


Prospects for Future Improvement 


Figure 53 summarizes the state of the art with 
respect to colored flame production, as well as 
probably defining the limits on future improve- 
ments. The range of colors within the smallest 
of the quadrangles (shaded) represents the lim- 
its of common high quality color formula- 
tions.?'°! This covers a relatively small portion 
of the chromaticity diagram, and much of that 
consists of what would normally be described 
as shades of white. It is probably quite fortunate 
that observers of fireworks displays do not have 
light sources producing bright and highly pure 
color available for comparison with the colors 
of the fireworks, which would literally pale by 
comparison. The small size and central location 
of the color triangle for typical compositions 
probably also goes a long way toward explain- 
ing why photographs and video recording of 
displays seem to reproduce the colors of the 
displays so poorly, unless the photographic col- 
ors are artificially enhanced. 


The next larger quadrangle (not shaded) 
demonstrates the approximate limits of the best 
color formulations reported to date.''®!! These 
colors are quite impressive when viewed and 
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Figure 53. An illustration of the range of 
possibilities for colored flame production. 


are readily discernable as significantly better 
than even the best of the commonly produced 
colors. (Unfortunately, there are some limita- 
tions associated with the use of these formula- 
tions in terms of cost, convenience of manufac- 
ture or burning characteristics.) Using any of 
the color mixing schemes, !!°!!'5] even assuming 
the color formulations are perfectly compatible, 
one is constrained to produce colors no better 
than those inside this quadrangle. 


Finally the outer quadrangle (shaded) is 
formed by the color points of the most desirable 
color species (the monochlorides of strontium, 
barium and copper, plus atomic sodium). Unless 
other, even better color species can be found 
(and people have looked without significant 
success'*!*738l) this is the ultimate limit of 
what is theoretically possible. However, given 
that flames generally consist of very many 
chemical species, of which many emit in the 
visible region, even reaching these limits will 
probably be impossible. If that is the case, what 
is left as a practical alternative for future im- 
provement? It may (should) be possible to im- 
prove somewhat the perception of the colors 
that are already possible. This would be accom- 
plished using methods based on the current the- 
ory of color vision.°3 **! However, that discus- 
sion is beyond the scope of this chapter. 
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Iluminants and Illuminant Research 
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107 Ashwood Terrace, Marshall, TX 75672 USA 


ABSTRACT 


The use of pyrotechnic compositions for the 
production of light has a long history. Most 
improvements were made mainly by trial and 
error with many misunderstandings about the 
cause and effect relationships from observations. 
Significant advancements in the mechanisms 
and theory of combustion have increased the 
understanding of many effects and led to im- 
proved illuminants both theoretically and prac- 
tically. Radiative transfer theory explained most 
of the observed variations in illuminant func- 
tioning. Effects of spin, liner thickness and bind- 
ers have been analyzed, and application of the 
results has been used to improve illuminant 
performance and solve production problems. 


Keywords: illuminant, photoflash, efficiency, 
magnesium, sodium, nitrate, binder, radiative 
transfer 


Introduction 


Illuminants have been a major factor in py- 
rotechnic applications for many years. The ear- 
liest application was the use of torches prepared 
with pitch or tar, ignited and used to ward off 
darkness. This simple application was extended 
with the utilization of oxidizers, such as saltpeter 
or niter to enhance burning. When more light 
was needed, it was found that sodium added to 
a flame produced an astonishing increase in 
illumination efficiency. 


An early application of illumination was pho- 
toflash devices for the military. Photoflash de- 
vices released pyrotechnic compositions that 
burned to produce millions of candela in visible 
light for a fraction of a second. This allowed 
aircraft to fly over a region with a camera lens 
open and release a huge “flashbulb” to illumi- 
nate anumber of square miles. This was the only 
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way to do night surveillance. The development 
of airborne radar and forward-looking infrared 
(FLIR) has made photoflash obsolete. Photoflash 
compositions were based on aluminum powder 
mixed with potassium perchlorate with confine- 
ment until ignition which was followed by an 
explosive dispersion of excess aluminum react- 
ing with the air. It should be noted that aluminum 
will react with both oxygen and nitrogen in the 
air. 


The efficiency of an illuminant is given in 
candela per unit weight. Candela is the unit of 
luminous intensity equal to 1/60 of the luminous 
intensity per square centimeter of a blackbody 
radiating at the temperature of solidification of 
platinum (2,046 K). In jargon, it is frequently 
referred to as the “candlepower” of a composi- 
tion. The preferred term, however, is candela. 
There is an approximation in efficiency that 
relates burning rate and intensity over a range. 
This relationship is shown in equation 1. 


Light Integral [= 2 ) 
g 
(1) 


candela x burn time 
mass of composition 


This equation shows that it is possible to trade 
burn time for candela by adjusting the burning 
rate of the composition without changing the 
formulations total energy. However, this is only 
true over a limited range of formulation and 
candle size. It can be shown that there is an ideal 
burning rate for a given composition to produce 
the most efficient output. If the burning rate is 
slower than the optimum rate, then radiant heat 
losses will reduce the efficiency. If the burning 
rate is faster than the optimum rate, then mate- 
rial will be expelled from the flare plume with- 
out complete combustion and energy will be lost. 
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Pressure Effect on Flame 


Doudal"! published a definitive work on the 
effect of radiative transfer on alkali metal D- 
line radiation. This treatise identified several a 
priori factors that influence the resonance line 
broadening in pyrotechnic flames. 


This author’! extended Douda’s work 
through flame modeling to determine the effects 
of these factors without a priori assumptions 
and verified the theory over a wide range of 
pressures, candle diameters, alkali metals, at- 
mospheric interactions and fuels. This effort 
finally gave a clear understanding of the effects 
of combustion on illumination, including inter- 
actions with the surrounding atmosphere. This 
work also provided answers for many of the 
anomalies that had been observed, such as the 
increase in light output even though the theoreti- 
cal flame temperature decreased with increasing 
magnesium content. It further showed that al- 
most 90% of the visible light from conventional 
sodium nitrate-magnesium flares comes from 
the broadened D-line radiation. 


Mixtures of magnesium and sodium nitrate, 
with a binder, have been well characterized. 
When magnesium and sodium nitrate are burned, 
the sodium nitrate first melts and then decom- 
poses to release oxygen and form sodium ni- 
trite. The oxygen released immediately reacts 
with the pyrolyzing binder that coats the sodium 
nitrate and magnesium and releases enough en- 
ergy to raise the magnesium to a reactive state. 
This increase in energy promotes a more rapid 
decomposition of the sodium nitrite and the 
magnesium oxidizes on the surface to form a 
porous capsule of magnesium oxide. The mag- 
nesium oxide density is such that it cannot 
completely encapsulate the magnesium particle, 
so the internal magnesium starts to vaporize 
through the pores. This provides gaseous mag- 
nesium to mix and burn with the oxygen from 
the decomposing sodium nitrite and increases 
the efficiency of combustion. Thermochemical 
calculations readily show that the maximum 
temperature of the reaction of magnesium and 
sodium nitrate will occur at the stoichiometric 
composition around 46% magnesium. It is well 
established that the maximum candela occurs 
well above the stoichiometric composition with 
a considerable excess of magnesium present. 
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The thermochemistry is represented by the fol- 
lowing equations: 


2 NaNO, (s) A, 2 NaNO, (1) 


Ay NaNO,+0, (2) 


3.50, + C,H,;0 > 4CO+CO, + 
2H,O+0.5H, +Heat (3) 


2NaNO, “s Na,(g)+N,(g) +40, (4) 


A 
Mg(s) > Mg(g) (5) 
O, +2 Mg — 2 MgO(s) + Heat (6) 
Na, ae 2 Na* (7) 
Na* — Na* +589 nm photon (8) 


The sodium nitrate first melts and then de- 
composes to sodium nitrite with the release of 
some oxygen (eq. 2). The oxygen reacts with 
some of the binder to form carbon monoxide, 
carbon dioxide and water with the release of 
more heat (eq. 3). The heat causes the sodium 
mitrite to decompose into sodium vapor, nitro- 
gen and oxygen (eq. 4). The magnesium is 
heated and vaporized to provide magnesium gas 
for easy oxidation (eq. 5). The additional oxy- 
gen from equation 4 reacts with the remaining 
binder and the magnesium fuel (eq. 6). The 
oxidation of the magnesium provides a very 
high temperature (3073 K) that is adequate to 
dissociate the sodium vapor into individual at- 
oms and raise them to a higher state of excita- 
tion (eq. 7). The excited sodium atoms then ra- 
diate their excess energy as sodium D-lines (a 
doublet at 589 nm) (eq. 8). This D-line radia- 
tion is broadened by a number of mechanisms 
with pressure as the strongest contributor. This 
can be seen from sodium vapor street lamps 
that use high pressure sodium vapor, excited 
electrically, to produce a high level of visible 
light. The broadening of the radiation increases 
the amount of light over a wider range of the 
spectrum, which reduces the monochromatic 
nature of the atomic spectra. Examples of this 
broadening due to increasing pressure are shown 
in Figures 1 a toc. 
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(a) Pressure is 76 torr. 


Wavelength (microns) 


(b) Pressure is 300 torr. 
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(c) Pressure is 760 torr. 


Figure 1. Spectra showing that increased pressure results in a broadening of the D-line radiation. 


Plume Effect 


The plume of a burning flare entrains air as 
it exits the canister and the oxygen in the air 
reacts with the magnesium to increase the outer 
temperature of the plume and keep the sodium 
atoms at a highly excited state. A diagram of the 
plume of a burning flare is shown in Figure 2. 
When the temperature drops below about 1800 K, 
radiation of the sodium D-lines ceases. The more 
magnesium present in the flame, the longer the 
flare plume becomes as the magnesium contin- 
ues to react with the air and bolster the surface 
area. The insulated central portion of the plume 
continues to cool by radiation and lose radiative 
efficiency but the overall increase in flare plume 
surface area compensates and provides the ob- 
served increase in candela. 


Figures 3 a to c show the decrease in broad- 
ening for sodium D-lines at a fixed distance 
above the surface as the percent magnesium 
increases. 
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Figure 2. Plume diagram. 
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(c) 60% magnesium. 


Figure 3. Graphs showing that the sodium D-lines broaden as the percent of magnesium increases. 
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(a) in air 


The plume length was experimentally found 
to increase as a function of diameter and fuel 
richness so that flare surface area increases as 
the fuel increases. This analysis also explains 
the effect of candle diameter on efficiency. 


As the diameter increases, the entrainment 
of air into the central portion of the plume is 
less efficient and the radiative transfer mecha- 
nisms lose efficiency. 


An interesting set of tests were performed in 
a large chamber (6 m°) with different atmos- 
pheres. The purpose of the tests was to determine 
how much the oxygen in the air was contribut- 
ing to the efficiency of magnesium-sodium ni- 
trate flares. Stoichiometric and fuel rich compo- 
sitions were burned in atmospheres of air, ni- 
trogen or argon. The results from the stoichio- 
metric formulations clearly showed little differ- 
ence in plume length and candela. See Figures 4 
a toc. 


(b) in argon 


Figure 4. Plume length effect on a stoichiometric formulation burned in (a) air, (b) argon, or (c) nitrogen. 


(c) in nitrogen 


With the fuel rich composition, however, the 
tests in air showed a much longer plume and 
higher candela. See Figures 5 a to c. In argon, 
the plume length was shorter and the candela 
much lower. In nitrogen, the plume was very 
short and the candela was very low. The argon 
does not react with the excess magnesium, so 
the lower flame temperature of the fuel rich 
composition results in greatly reduced D-line 
radiation. 


The flare plumes in a nitrogen atmosphere 
are much shorter than the plumes in an argon 
atmosphere in keeping with the prediction that 
nitrogen is more effective in collisional de- 
excitation of excited sodium atoms. This is an- 
other of the radiative transfer mechanisms that 
is treated in the theory. 


Hooymayers and Alkemade*! reported 
measured values for quenching cross sections 
of various species with sodium and potassium. 
Their results indicated that the apparent quench- 


(a) in air. 


(b) in argon. 


(c) in nitrogen. 


Figure 5. Plume length effect of a fuel rich formulation burned in (a) air, (b) argon, or (c) nitrogen. 
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ing cross section of a species with an alkali 
metal would be inversely proportional to the 
atomic weight of the alkali metal. A higher 
value indicates a more efficient quenching cross 
section for the species. See Table | for a compi- 
lation of quenching cross sections for various 
species with sodium. 


Table 1. Quenching Cross Section Values 
for Species with Sodium. 


Species | Temperature (K) | Na Value 
ee, eens eee ae 
Pmt 6 Steeeene| eee an 
Ae 
pede ee 
|) en eee eee 
1885 66 


Formulation Effect 


Effective illumination is based on magne- 
sium, sodium nitrate and a binder. The binders 
are important in the production processes of the 
illuminant composition, where they serve to 
maintain homogeneity of the composition while 
in process and then hold the composition together 
and bonded to the container during functioning. 
The binder also provides an initial reaction with 
the oxygen released from the sodium nitrate to 
provide a transition to burning of the magnesium. 
There can be some difference in performance as 
the binders change due to their stability under 
pyrolyzing environments (i.e., some binders are 
more stable and pyrolyze more slowly and re- 
duce burn rates). Magnesium particle size and 
shape also play a role in the burning rate of the 
composition. Use of other metals has been 
shown to be less effective than magnesium in 
illuminants. This is mainly due to the low melt- 
ing and boiling points of magnesium coupled 
with the very high heat of combustion. Other 
low melting and boiling metals do not have the 
high heat of combustion and are, therefore, not 
as effective in sodium excitation. Sodium ni- 
trate particle size distribution affects the con- 
solidation characteristics of formulations. 


A typical illuminating composition consists 
of 50% (200 1) magnesium powder, 43% (30- 
50) sodium nitrate and 7% binder. Early bind- 
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ers included linseed oil and polyester resin. Army 
formulations currently use vinyl-alcohol acetate 
resin (VAAR) or polysulfide-epoxy resin binder 
systems. The VAAR binder is dissolved in a sol- 
vent and then mixed with the magnesium and 
sodium nitrate until the solvent is evaporated. 
This composition can then be stored and used 
whenever needed. No curing is required after 
consolidation. The polysulfide-epoxy combina- 
tion is mixed with an amine cure agent and 
mixed with the magnesium and sodium nitrate. 
This mixture has a pot life and must be consoli- 
dated before the cure has progressed to the point 
that it will no longer flow under pressure. After 
consolidation, the candles are cured at an ele- 
vated temperature to complete the process. This 
binder gives a small amount of flexibility to the 
composition to prevent shrinkage and separa- 
tion from the case. 


Diameter Effect 


It can also be shown that increasing the di- 
ameter of a candle does not produce a corre- 
sponding increase in output. This can be shown 
to be the effect of the entrainment of air into the 
plume along the plume axis. Diffusion of air 
into the plume can only occur at a certain rate. 
As the diameter increases, the central portion of 
the flare plume will begin to cool from radiative 
heat loss and there will be a corresponding loss 
of efficiency from the composition. The graph 
in Figure 6 shows a typical response of candela 
for a fixed composition as the diameter of the 
flare increases. 


—$—> 


Candela 


Diameter ——>» 


Figure 6. Typical response of candela for a 
fixed composition as flare diameter increases. 
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Spin Effect 


A number of physical effects on flares were 
observed and their causes identified. For exam- 
ple, in military illuminants, many of the larger 
caliber illuminants are gun launched with high 
spin rates. Air brakes were frequently used to 
stop the spin on ejection of the payload. Field 
tests sometimes showed that the illuminants put 
out very low intensity light, followed by a large 
illuminant drop-out about half-way into the 
burn. Recovery of the rounds usually showed 
that the air brakes had failed and the illuminant 
in the canister had an unusual appearance. 
There were marked protrusions up from the 
center of the illuminant composition remaining 
in the canister. It appeared that the composition 
was burning faster around the periphery of the 
canister. It was assumed that the failure of the 
air brakes led to the flare spinning at a high 
rate, but the mechanism for reduced output was 
not obvious. The prevalent theory assumed that 
the sodium nitrate was melting and centrifugal 
force was carrying the reacting materials to the 
sidewall of the canister and choking the canister 
to cause a rise in pressure and shorten the burn 
time. The reduced opening for the plume ex- 
plained the loss in light intensity. To test the 
theory, a spin test fixture was built to spin the 
illuminant canisters at controlled speeds while 
suspended upside down. A water jet was posi- 
tioned to extinguish the burning composition at 
any point during the burn. The 105-mm candle 
was tested first. The graph in Figure 7 shows 
the results of the first set of spin tests. 


@) 1 1 1 
0 500 1000 1500 


Figure 7. Results of the first set of spin tests. 


The tests were repeated several times and 
the slight rise in burn time followed by a pre- 
cipitous drop around 250 rpm was noted each 
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time. This provided the proof that the effect was 
spin related. A series of tests were then run with 
extinguishment of the burning candle at various 
times into the burn. Examination of the surface 
provided an unexpected result. The illuminant 
was noted to regress faster at the edge produc- 
ing a spiked appearance towards the end of the 
burn. This is shown in the Figure 8. 


0 10 20 30 40 
Burn Time (s) 


Figure 8. Diagrams showing the change in 
burn surface inside spinning candle over time. 


The patterns observed did not agree with the 
original expectation of more rapid combustion 
down the center of the candle. A new theory 
was developed that involved the effect of de- 
coupling of the gases from the illuminant sur- 
face. As the illuminant starts to spin, the gases 
evolved from the surface start to rotate with the 
surface. At a critical rpm, in this case 250 rpm, 
the gases start to lag behind the surface. The 
difference in rotation produces an increase in 
heat transfer. (This effect is well known and 
demonstrated by many physical phenomena, 
such as blowing on your hands to warm or cool 
them. The increased velocity of your breath 
either warms or cools the skin depending on 
which has the highest heat content.) As the spin 
velocity increases, the effect increases up to a 
maximum value determined by the thermal 
conductivity of the illuminant composition. 
Since the rotational velocity is greatest at the 
periphery, the heat transfer is greatest at that 
point. The slowest rotational velocity—in the 
middle—results in the slowest burn rate and 
leads to the formation of the spike. When the 
edge burning reaches the bottom of the canister, 
the center spike falls out, explaining the ob- 
served illuminant dropout. To test the theory, a 
set of candles was loaded with a “paddle- 
wheel” of metal plates inserted in the canister. 
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A split ram was used to press illuminant into 
each quadrant to load the candles. See Figure 9. 


Metal 
canister 


Metal plates 


Test Candle 


Figure 9. A cross-section of the “paddle 
wheel” of metal plates in a canister. 


When these candles were burned in the spin 
fixture, there was no change in the burn time 
even at 1500 rpm. This is consistent with the 
paddles acting to keep the gases in syne with 
the burning surface thus preventing the differ- 
ential spin rates and eliminating the increase in 
heat transfer. Once the principle was under- 
stood, other problems could be addressed. 


The 60 mm illuminant was changed from a 
fin-stabilized round to a spin-stabilized round. 
The small size of the candle precluded the use 
of air brakes to stop the spin. The burn times 
were observed to change from 60 seconds in the 
static testing to 40 seconds in flight tests. The 
problem obviously resulted from the spinning 
of the illuminant, but there was no way to stop 
the spin, or even reduce it. The only control 
available seemed to be the thermal conductivity 
of the illuminant composition. The oxidizer was 
being ground from prilled sodium nitrate to a 
weight mean diameter (WMD) of about 50 u; 
the magnesium was 30-50 mesh (about 200 u 
WMD); and the binder content was about 6%. 
The formulation gave the needed candela and 
could not be readily changed. By grinding the 
sodium nitrate to a much finer particle size, it 
was possible to provide a more uniform distri- 
bution of the oxidizer to isolate the particles of 
magnesium, thereby reducing the thermal con- 
ductivity. This provided a reduced sensitivity to 
the heat transfer induced by the spin and the 
flight burn times were raised to about 55 seconds, 
which met the specification requirements. This 
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is a prime example of the benefits of under- 
standing both the chemistry and physics of the 
pyrotechnic reactions. 


Liner Effect 


Another example of applying analysis to the 
solution of problems involved the use of liners 
in illuminants. The 81-mm illuminants were 
changed from a cardboard tube to a metal canis- 
ter. The canisters were lined with the binder 
solution and cured to provide a bonding surface 
for the illuminant composition. The liner thick- 
ness was not considered a serious problem and 
was allowed to vary during production. It soon 
became obvious that too little liner resulted in 
unbonded areas and high heat transfer down the 
canister wall resulting in short burn times. To 
avoid this, the liner amount was doubled. While 
this stopped the short burn times, it was noted 
that the candela of stationary flares had dropped 
to an unacceptable level. To determine the 
magnitude of the problem, a series of candles 
were loaded with carefully controlled liner 
thickness. It was found that a maximum thick- 
ness could be applied without loss of candela. 
Analysis revealed the cause. At low liner thick- 
ness, the heat transfer through the liner was ab- 
sorbed by the metal canister, and this kept the 
liner from pyrolyzing from the heat of the 
flame. When a critical thickness was reached, 
the thick layer of liner could not transfer heat 
fast enough to keep the surface below the pyro- 
lyzing temperature of the liner and the liner be- 
gan to decompose and add carbonaceous resi- 
due to the flare plume. This acted just like an 
increase in inert binder, which reduced the 
thermochemical energy of the flare plume and 
lowered the candela. Again, the understanding 
of the chemistry and physics of the pyrotechnic 
reactions allowed a knowledgeable solution of 
the problem. 


Shifting Spectral Output 


The latest move in battlefield illumination is 
now directed towards “covert” illuminants. 
These illuminants are loaded with compositions 
that radiate most of their energy in the infrared 
part of the spectrum. The use of these illumi- 
nants with advanced night vision devices per- 
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mits the observation of troops, equipment or 
areas without visibly showing illumination in 
the observed area. This covert illumination has 
definite advantages in operations that are close 
to the observers. They can light up an area with 
infrared light without showing themselves to an 
enemy that does not utilize the same night vi- 
sion devices. The formulations used in the cov- 
ert illuminants vary but generally do not use 
metal powders to avoid a broad continuum from 
hot particles producing visible light. The alkali 
metals cesium and rubidium have their D-line 
radiation in the near infrared with little overlap 
in the visible. Achieving higher burning rates 
without the use of metal powders has been one 
of the main challenges to their use. 


Pyrotechnic illuminants continue to be a ma- 
jor battlefield item to permit identification and 
targeting of enemy positions. The shift in spec- 
tral output provides new challenges to the for- 
mulation developers to keep up with advancing 
technology. 
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ABSTRACT 


Propellants used for pyrotechnics are com- 
posed of energetic materials that produce high- 
temperature and high-pressure gaseous prod- 
ucts. The propellants are classified into three 
types by their physical structure and the ingre- 
dients used: (1) homogeneous propellants con- 
sisting of chemically bonded oxidizer and fuel 
components in the same molecule, (2) hetero- 
geneous propellants consisting of physically 
mixed oxidizer and fuel components, and (3) 
granulated propellants consisting of energetic 
solid particles. While the energy content of a 
propellant is determined by the chemical prop- 
erties of the ingredients, the physical properties 
and chemical processes of the ingredients de- 
termine the ballistic characteristics such as burn 
rate and pressure and temperature sensitivities. 


Keywords: propellant chemistry, activation 
energy, burn rate 


Nomenclature 

a = burn rate constant defined in equation 18 
c = specific heat, kJ/kgK 

d = dark zone pressure exponent 

E = activation energy, kJ/kmol 

Hep = heat of explosion, MJ/kg 


I = radiative heat flux, kW/m* 

Isp = specific impulse, s 

k = reaction order 

K, = area ratio defined by A;,/A, 

m = mass flow rate, kg/m’s or 
reaction order in the dark zone 

M ~— =molecular mass, kg/kmol 

n = pressure exponent of burn rate 

[OB] = oxygen balance 

2) = pressure, MPa 


= burn rate, m/s 


QO = heat release, kJ/kg 
r 
R = gas constant, 8.315 kJ/kmolK 
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t = time, s 

T = temperature, K 

u = flow velocity, m/s 

x = distance, m 

Z = pre-exponential factor, (kg/m*s)(MPa) “ 

(0) = thermal diffusivity, m’/s 

B = radiative heat flux factor defined in 
equation 8, kW/m°K* 

= specific heat ratio 

= heat flux at the buming surface, kW/m? 

= reaction distance, mm 

AH°, = heat of formation, MJ/kg 

r = thermal conductivity, kW/mK 

A = heat flux in the gas phase or in the 
condensed phase, kW/m? 

= mass fraction 

= density, kg/m? or g/em? 

= temperature gradient, K/m 

= temperature defined in equation 14, K 

= reaction rate in the gas phase, kg/m’s 


oar 


S<60u 


Subscripts 


= combustion 

= decomposition or dark zone 

= flame or fizz zone 

= gas phase 

= melting point 

= propellant, condensed phase, or product 
= reactant 

= burning surface 

= initial condition 
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1. Introduction 


When a propellant is ignited and burned in a 
closed chamber, gaseous species at high tem- 
perature and pressure are formed. These ener- 
getic gaseous species generate propulsive forces 
used for rockets, guns, and pyrotechnics. The 
specific impulse (/,,) is a parameter used to 
identify the energy content of propellants! *! 
and is represented by 
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T 1/2 
(Gr) ” 


where 7. is combustion temperature and M, is 
molecular mass of the combustion products. 
Though J, is also a function of the specific heat 
ratio (y) of the combustion products, y is rela- 
tively constant among propellants. It is evident 
from equation | that an energetic material that 
produces high 7, and high M. combustion 
products may not be a useful propellant. For 
example, a pyrotechnic composition (pyrolant) 
containing metal powders is not used as a pro- 
pellant because it generates metallic oxides with 
a high M. even though a high 7, is generated by 
metal combustion. A propellant that generates 
low T,. can also be useful if the M. is suffi- 
ciently low.” *! 


Solid propellants may be classified into 
three types by their physical structures: (1) ho- 
mogeneous propellant, (2) heterogeneous pro- 
pellant, and (3) granulated propellant. 


A homogeneous propellant consists of fuel 
and oxidizer components that are bonded chemi- 
cally in the same molecule, and the physical 
structure appears to be homogeneous. A typical 
example of a homogeneous propellant is nitro- 
cellulose (NC) that is composed of —O-NO, 
chemical bonds and a hydrocarbon structure. 
Breaking the O-NO, bond produces NO) gase- 
ous species, which act as an oxidizer fragment, 
and the hydrocarbon structure acts as a fuel 
fragment. The physical structure of NC is homo- 
geneous, and it is known as a single-base pro- 
pellant. The mixture of NC with nitroglycerin 
(NG) forms a homogeneous gelled propellant 
known as a double-base propellant. The physi- 
cal structure of a double-base propellant is also 
homogeneous. 


A heterogeneous propellant is made as a 
mixture of fuel and oxidizer components, and 
the physical structure of the propellant is het- 
erogeneous. A typical heterogeneous propellant 
is a mixture of crystalline oxidizer particles and 
a polymeric hydrocarbon, a so-called “compos- 
ite propellant”. The crystalline particles act as 
the oxidizer component, and the polymeric hy- 
drocarbon acts as a fuel component when these 
are decomposed. The chemical reaction that pro- 
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duces heat and combustion products occurs on 
and above the burning surface of the propellant. 


A granulated propellant consists of numer- 
ous granulated grains or powders that are com- 
posed of energetic materials. When a granulated 
propellant is used for a propulsion system, the 
propellant has a loosely packed shape. Black 
Powder is a typical example of this class of pro- 
pellant. However, in some applications (model 
rocket motors, skyrockets, and signal rockets) 
Black Powder may be compressed into a single 
eon one performs as a heterogeneous propel- 
lant. 


These three types of propellants are funda- 
mentally different from each other in various 
aspects: chemical ingredients, decomposition 
processes, burn rate characteristics, combustion 
products, etc. In this paper the chemical proper- 
ties of propellants, their ingredients, and com- 
bustion characteristics are described in order to 
understand the ballistic properties of solid pro- 
pellants. 


2. Energetics of Propellants 


2.1 Generation of Heat Energy 


2.1.1 Heat of Explosion and Heat of 
Formation 


When a propellant burns, heat and combus- 
tion products are produced. In general, the heat 
produced is evaluated by the “heat of explo- 
sion” Hex». Heyy is defined as the difference be- 
tween the heats of formation of the reactants 
(LAH > (reactantsy) and the heats of formation of 
the products, (LAH, (products) aS represented by 


exp > XAH®, (reactants) — XAH®, (products) (2) 


Each heat of formation (AH°,) is dependent on 
the chemical structure and chemical bond en- 
ergy of each molecule of propellant ingredient 
and the combustion products. Equation 2 indi- 
cates that a higher H.,, is obtained when a 
higher LAA; (reactants) is used for the propellant 
and also when a lower XAH®; (products) results 
from the combustion products. 


Table 1 shows AH?°, for typical energetic 
propellant reactants, and Table 2 shows AH®, 
for typical propellant combustion products. It is 
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evident from the data in Table 1 that higher 
AH? (reactants) 18 generally obtained with oxidiz- 
ers or materials containing nitrogen atoms. 


Table 2. AH°;for Propellant Combustion 
Products. 


AH?; (Mu/kg 


Table 1. AH°; for Propellant Reactant 
Ingredients. 


AH, (Mu/kg 


Table 3 shows percent nitrogen (N), density 
(P), Hexp, melting point temperature (T,,) and 
oxygen balance [OB] (see next section for more 
about oxygen balance) for typical energetic ma- 
terials used as major components of propellants. 
To obtain higher H.., of propellants, various 
types of chemicals are mixed to formulate pro- 
pellants. The major chemicals are fuel and oxi- 
dizer. The oxidizer oxidizes the fuel to produce 
heat and gaseous products. 


Table 3. Physicochemical Properties of Ingredients Used for Propellants. 


Nitroglycerine 1 |(ONOz2)3(CH2)oCH |. 
Nitrocellulose | TNC |CiHuNeOz | 1 
Ammonium perchlorate [ AP |NH,ClO, | 1 
Ammonium nitrate EAN TNFANO Sg nnd 
Nitroguanidine of NQ CHyNgOn | 7 
Triaminoguanidine TAGN 1 | CHaN?O 
| nitrate at 
Cyclotetramethylene- 
_.fetranitramine | 
Cyclotrimethylene 
Hexanitro- 
hexaazaisowurtzitane 


[NNR 2) (Cl ) 


_[ENNO2)s (CHa 2a 


(NNO2)e(CH)e 


D = decomposes instead of melting. 
Note: Hey, is for HO as a gas. 
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2.1.2 Oxygen Balance 


Even though XAH*, (reactants) of the fuel 
and oxidizer may be low, a higher H.,, is ob- 
tained if the oxidizer has the potential to oxi- 
dize the fuel completely. The complete oxida- 
tion reaction (i.e., complete combustion) pro- 
duces lower XAH®,; (products) as the combus- 
tion products. Thus, the concentration of oxy- 
gen atoms within the oxidizer represented by 
“oxygen balance:[OB]” is an important parame- 
ter to identify the potential of oxidizers. Oxy- 
gen balance is the amount of oxygen remaining 
after oxidizing hydrogen, carbon, magnesium, 
aluminum, etc. to produce H,O, CO, MgO, 
Al,Os, etc. If excess oxygen molecules remain 
after the oxidation reaction, the oxidizer is 
termed to have a “positive” oxygen balance. If 
the oxygen molecules are completely consumed 
and excess fuel molecules remain, the oxidizer 
is termed to have a “negative” oxygen bal- 
ance.) 


Since the reaction of an oxidizer composed 
of a C,H,N-O7CI.S; oxidizer is represented by 


C,H»N-O¢C1LS;, — a CO + 1/2 (b- e) H2O + 
cl2 No + e HCl + fSO, = 
{(a+f) + 1/4(b -e)-d/2} Oy 
The oxygen balance, expressed as mass percent, 
is given by 


[OB]=-{(a + f)+1/4(b-e)-d/2\x 


32 


—______§!|!_!_—_—_— x 100 
molecular mass of oxidizer 


For example, NG produces excess oxygen 
molecules during its combustion as given by 


C3HsN309 > 3 CO, + 5/2 H,0 oh 
3/2 No + 1/40, 


The oxygen balance of NG is given by 


32 
[OB], = 1/4x5—x100= +3.52% 


The oxygen balance for any type of oxidizer 
can be obtained by assuming the oxidized 
products as shown above. Table 3 shows the 
oxygen balance for some ingredients used in 
propellants. 
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2.2 Characterization of Energetic Materials 


Typical materials containing oxygen and ni- 
trogen atoms are known as nitrate esters and 
include nitrocellulose (NC) and nitroglycerin 
(NG). Nitrate esters consist of -O—NO, chemi- 
cal bonds in their structures. The oxidizer com- 
ponent is oxygen, and the fuel components are 
carbon and hydrogen. The oxidized combustion 
products are CO, and H,O@) for which AH®; are 
—8.94 and —-13.42 MJ/kg, respectively as shown 
in Table 2. The nitrogen atoms in the reactants 
produce nitrogen gas for which AH®, is zero 
(Table 2). Also materials containing a -C-NO, 
bond such as trinitrotoluene [TNT : C7HsN306¢6] 
and tetryl (C;HsN;Os), those containing a -N— 
NO, bond such as RDX (C3H6NoOc) and HMX 
(C4HgNgOs), and those containing a -N=N =N" 
bond such as lead azide (Pb(N3)2) and glycidyl 
azide polymer [GAP : C3H;N30] are high-energy 
materials useful for propellants.*! These mate- 
rials act to produce CO, and N> through the 
following chemical bonds that are attached to the 
oxidizers: 


—~C-NO, 

-O-NO, —> O=C=O 
—N-NO, N=N 
—N=N =N* 


Thus, a high H,,, as shown in equation 2 is 
obtained by the combustion of materials con- 
taining these chemical bonds. Molecular struc- 
tures of typical energetic materials are shown in 
Figure 1. All these materials contain -O—-NO, 
or -N—NO, bonds. 


Crystalline materials such as KNO3, NH,NO3, 
and NH,ClO, are used as oxidizers due to the 
high concentration of oxygen atoms in their 
molecules. These materials generate oxidizing 
fragments when thermally decomposed. On the 
other hand, hydrocarbon polymers such as poly- 
urethane and polybutadiene generate gaseous 
fuel fragments when thermally decomposed. 
Thus, the mixture of an oxidizer and a hydro- 
carbon polymer forms a composite propellant. 
Accordingly, a composite propellant generates 
high temperature gases during combustion. 


The mechanical properties of propellants are 
important to produce desirable propellant grains. 
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I 
O-CH> CH,- O-NO 


H H 

H~C-O- H-C-O-NO, 

HG 0= H,C—C- CH; O-NO, 

H~C-O- H—-C—O-NO, 

H H 
Trimethylolethane 
trinitrate (TMETN) 

H 
| 
H—C-CH,—O-NO, 
O 
| 
H-C—CH,—O-NO, 

} ow 

Diethyleneglycol 

dinitrate (DEGDN) 


Triethyleneglycol 
dinitrate (TEGDN) 


Cyclotetramethylene | Cyclotetramethylene 
tetranitramine (HMX)| _ trinitramine RDX 


Figure 1. Molecular structures of energetic 
materials used for propellants. 


The mass burn rate of propellant is dependent 
not only on the linear burn rate of the propellant 
but also on the burning surface area of the pro- 
pellant grain. During pressure transient proc- 
esses, such as ignition and oscillatory burning 
in a rocket motor, very high mechanical stresses 
are produced in the propellant grain. If the in- 
ternal grain shape is complicated, these stresses 
may damage the propellant grain. The increased 
burning surface area caused by unexpected 
damage to the grain, such as cracks, increases 
pressure in the combustion chamber. Further- 
more, the elongation property (elasticity) de- 
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creases as the temperature decreases. This may 
cause damage to the grain when mechanical 
shock is applied to the grain at low temperature. 
On the other hand, mechanical strength de- 
creases as temperature increases. This may al- 
low deformation of the grain due to its mass. 
Accordingly, the propellant grain geometry 
should be maintained by adequate elongation 
and strength properties of the propellant. 


3. Propellant Ingredients 


3.1 Homogeneous Propellants 


Nitrocellulose (NC) is a major energetic in- 
gredient used for single-base and double-base 
propellants. As shown in Table 3, NC is a nitrate 
ester composed of carbon, hydrogen, nitrogen, 
and oxygen atoms. The oxygen atoms are at- 
tached as -O—NO) with a nitrogen atom. When 
NC is thermally heated, NO, is formed because 
the O-N bond is the weakest of the NC chemical 
bonds. The remaining oxygen then forms alde- 
hydes such as HCHO and CH;CHO. The reaction 
between NO, and aldehydes produces heat and 
the combustion gases that are used for propul- 
sive forces in rockets, guns, and pyrotechnics. 


In general, NC is produced from cellulose, 
{Cs5H702(OH)s3},,, of cotton or wood, which is 
nitrated using nitric acid (HNO3) to gain—O-NO, 
bonds in its structure as 


{CsH,O(OH)3}, + x HNO; — 
(C6H702),(OH)3,.(ONO>), + x H,O0 


Through this nitration the —OH contained 
within the cellulose is replaced with -O—NO,; 
the degree of nitration determines the energy 
available to form high temperature combustion 
gases. The maximum nitration is obtained when 
the nitrogen mass becomes 14.14% within NC. 


The major ingredient of single-base propel- 
lant is NC. Diphenylamine, (CsHs),NH, is also 
added as a chemical stabilizer. In some cases, a 
small amount of K,SO, or KNO; is mixed as a 
flame suppressor. Ethyl alcohol (C,H;OH) or 
diethylether (C,H;OC,Hs;) is mixed within the 
NC to soften it and to gain an adequate size and 
shape of the propellant grain. The grain surface is 
coated with carbon black to keep the surface 
smooth. 
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Table 4. Physicochemical Properties of Nitrate Esters Used for Double-Base Propellants. 


Density (p AH? ;( Hexp [OB] 
Nitrate Ester ey (g/cm*) aes (MJ/kg) (%) 


ee, dinitrate 


fimethylolethane trinitrate 
[TMETN : CH3C(CH2)3(ONOz)s] 


dibutylphthalate [DBP : CieHa2O4] 
triacetin [TA : CgH140¢] 


A double-base propellant is also known as 
smokeless powder (propellant) when used for 
guns and rockets. Two major ingredients are used 
to formulate double-base propellant grains: NC 
and nitroglycerin (NG). NG, C3H;(ONOs;)3, is 
also anitrate ester characterized with the -O—NO, 
structure and is a high explosive. Since NG is 
liquid at room temperature, NG is absorbed by 
the NC and acts to gelatinize NC to form dou- 
ble-base propellant grains. Nitroglycol (NGC) 
has similar physicochemical properties to NG 
and 1s used as an additive to reduce the freezing 
point of NG. 


Since NG is highly shock sensitive, other 
types of nitrate esters can be used to formulate 
non-NG double-base propellants. Diethylene- 
glycol dinitrate [DEGDN : (CH2),O(ONO>2), J, 
triethyleneglycol _— dinitrate [TEGDN 
(CH2)602(ONO3).], and trimethylolethane trini- 
trate [TMETN : CH;C(CH2)3;(ONO2)s]| are typ1- 
cal examples of energetic nitrate esters that are 
mixed with NC. Though these nitrate esters are 
less energetic than NG, the mass fraction of 
desensitizers is less than that of NC/NG double- 
base propellants. The physicochemical proper- 
ties of these nitrate esters are shown in Table 4. 


Two production methods are used to pro- 
duce double-base propellant grains: (1) extru- 
sion using an external mechanical press and (2) 
casting using finely divided NC powders or 
NC/NG powders. The extrusion method is used 
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for grains less than 0.1 kg, typically used in 
guns and pyrotechnics. The casting method is 
used for grains larger than | kg such as rockets. 
Since NG is a detonative explosive, the concen- 
tration of NG is kept less than approximately 
&(0.5) for double-base propellants. Furthermore, 
various chemicals such as plasticizers, stabiliz- 
ers, and burn rate modifiers are added to 
NC/NG mixtures to improve the physicochemi- 
cal properties of double-base propellants. 


The mechanical properties and shock sensi- 
tivities of double-base propellants are highly 
dependent on the mixture ratio of NC and NG. 
Though the specific impulse of double-base 
propellants increases with the concentration of 
NG, the strength of the propellant decreases. It 
becomes difficult to maintain grain shape when 
the concentration of NG is as high as €(0.5). 
For example, dynamites contain more than €(0.8) 
NG, and their grains are very soft and have high 
shock sensitivity. When the concentration of NC 
becomes higher than €(0.6), the elongation prop- 
erties become poor. Thus, double-base propel- 
lants need to contain desensitizers, stabilizers, 
and chemicals to improve mechanical properties. 
In order to obtain superior mechanical proper- 
ties, plasticizers such as dibutylphthalate [DBP 
' Ci6H2204); diethylphthalate [DEP , C2Hy404]; 
triacetin [TA : CoH\40¢]; and stabilizers such as 
ethyl centralite [EC : CO{N(C.6Hs)(C2Hs)}2] are 
added. Table 5 shows the physicochemical prop- 
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erties of the plasticizers and stabilizers used for 
double-base propellants. These chemicals are 
used to obtain superior grain formation and to 
improve mechanical properties, shock sensi- 
tiveness and chemical stability.-*! 


The /,, and 7; (the adiabatic flame tempera- 
ture) of double-base propellants are dependent 
on the mass fraction of NG, &(NG), mixed 
within the NC and other chemicals. When a 
double-base propellant is composed of NG and 
NC, the maximum J/,, and 7; are obtained at 
&(NG) = 0.80 as shown in Figure 2. However, 
some plasticizers and stabilizers such as DEP or 
TA are needed for practical use of double-base 
propellants as shown in Table 6. In general, the 
mass fraction of E(DEP) = 0.10 is needed to 
gain superior mechanical properties. Thus the 
I,, and Ty are reduced approximately 5% by the 
addition of DEP. 


Table 6 /next page] shows materials used to 
formulate double-base propellants. Typical ex- 
amples of chemical compositions and energetics 
of double-base propellants are shown in Table 7. 


Table 7. Chemical Compositions and 
Energetics of Typical Double-Base 
Propellants. 


i Hexp 


3.2 Heterogeneous Propellants 
3.2.1 Composite Propellants 


When crystalline oxidizer particles are mixed 
with a hydrocarbon polymer, a heterogeneous 
propellant, or “composite propellant’, is formed. 
Unlike double-base propellants, the physical 
structure of composite propellants is heterogene- 
ous due to the dispersed crystalline particles 
within the polymer. As described previously, at 
the burning surface of the propellant, the oxi- 
dizer particles generate gaseous oxidizing frag- 
ments, and the polymer generates gaseous fuel 
fragments. Both gaseous fragments diffuse with 
each other and react to generate heat and com- 
bustion products. Accordingly, ballistic proper- 
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Figure 2. Combustion performance of 
double-base propellant as a function of the 
mass fraction of NG. 


ties, such as burn rate and pressure sensitivity, 
are dependent not only on the chemical proper- 
ties of oxidizers and binders but also are de- 
pendent on the shape and size of the oxidizer 
particles. 


The major oxidizer used for composite pro- 
pellants is ammonium perchlorate [AP 
NH,C10,]. When AP is heated, it decomposes as 


NH.ClO, — NH; + HC10, 
HClO, — HCl + 20, 


The oxidizing fragments react with fuel frag- 
ments when these crystalline materials are mixed 
with fuel components, for example, 


NH,Cl1O, + C,,H,, (hydrocarbon polymer) > 
CO, + H,0 + N, + HCl 


This reaction produces significant heat and 
gaseous molecules, which yields a high J/,, as 
defined in equation 1. 


Ammonium nitrate [AN : NH,NO3], is a 
halogen-free oxidizer that produces nontoxic 
combustion products. However, disadvantages 
of AN compared with AP are hygroscopicity 
and crystal structure transitions at 125.2, 84.2, 
32.3, and —16.9 °C. These transitions produce 
internal mechanical stresses in the propellant 
grain, which sometimes damages the grain. 
Though potassium nitrate [KN : KNO3], and 
potassium perchlorate [KP : KClO,], produce 
high temperature combustion products, the 
combustion products contain potassium oxide 
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Table 6. Ingredients Used for Double-Base Propellants. 


lasticizer (Oxidizer and Fuel 


Plastici 
NG 


Triacetine 
Polyurethane 


Hexanitrohexaazaisowurtzitane 
Ammonium dinitramide 


Coolant (Fuel 


TAGN __{Triaminoguanidine nitrate 


(K2O), which has high M, and significantly re- 
duced J,,. KN is a well-known oxidizer used as 
the oxidizer in Black Powder. KP is also used as 
an oxidizer in pyrotechnic compositions (pyro- 
lants). 


The binders, used to adhere oxidizer parti- 
cles to form propellant grains, are also fuel in- 
gredients. Table 8-1 shows typical polymers 
and their basic polymer unit that are used for 
composite propellants. 


The binders are based on hydrocarbon poly- 
mers that have a relatively low viscosity during 
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Plasticizer (Energetic Fuel 


Binder (Fuel and Oxidizer 
Nitrocellulose 


Burn Rate Catalyst Modifier 


C Carbon black (used with lead or 
copper salts) 


Carbon black 


the process of mixing the oxidizer particles and 
the polymer before the curing process. Two types 
of polymers are commonly used for modern 
propellants: (1) polyurethane copolymer and (2) 
polybutadiene copolymer. (Polyether and poly- 
ester types of polyurethane copolymers are used.) 
The molecular concentration of hydrogen con- 
tained within polybutadiene copolymers is rela- 
tively high, and the heat of formation is also 
high. Also, the viscosity of the copolymer is low 
enough to allow mixing with oxidizer particles 
before curing. 
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Table 8-1. Types of Polymers Used for Composite Propellants. 


Polymeric Binder Basic Polymer Unit 


Polyester 


Polyethylene 


Polyurethane (och, -0-C-nt(cH) nc] 


Polybutadiene 


Polyacrylonitrile 


Polyvinyl chloride 


Polyisobutylene 


Since composite propellants consist of crys- 
talline particles and a polymeric binder, the me- 
chanical properties of propellant grains are de- 
pendent on the physical and chemical properties 
of these ingredients and also on the additives 
such as bonding agents, surfactants, crosslinkers, 
and curing agents. The binder, as well as the mass 
fraction and particle size of the oxidizer, deter- 
mine the characteristics of mechanical strength 
and elongation. 


The polymers chosen for composite propel- 
lants are dependent on application conditions. 
Low viscosity is needed to allow high concen- 
trations of AP particles, aluminum powders, and 
metallic powders used for burn rate modifiers to 
achieve high /,,. Hydroxy-terminated polybuta- 
diene (HTPB) is considered to be the best binder 
to obtain both high combustion performance and 
superior elongation properties at low tempera- 
tures and is widely used for modern composite 
propellants. HTPB is characterized with a termi- 
nal -OH on a butadiene polymer. The function- 
ality of the HTPB prepolymer is also an impor- 
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O 
II 


n 


CN 


tant chemical parameter during the process of 
curing and crosslinking to achieve superior me- 
chanical properties of the HTPB binder. Another 
useful butadiene polymer is carboxy-terminated 
polybutadiene (CTPB) that is characterized with 
a terminal -COOH on a butadiene polymer. 
HTPB and CTPB form regularly distributed ma- 
trices of polymers through crosslinking reactions. 


Table 8-2 [at the end of the chapter] shows 
chemical processes and molecular structures of 
typical binders used for composite propellants. 
Polysulfide binder is formed with LP-3 polymer 
and PQD curative whose process produces H,0. 
Polyurethane binder is formed with either NPGA 
polyester or D-2000 polyether and TDI cura- 
tive. CTPB binder is formed with HC-434 poly- 
mer and MAPO imin-type curative or ERLA- 
0510 epoxy-type curative. HTPB binder is 
formed with R-45M polymer and IPDI curative. 
Polybuthadine-acrylonitrile (PBAN) is used as 
the binder in the booster propellant of the Space 
Shuttle. 
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Table 8-3. Chemical Properties of HTPE and HTPS Binders. 


Binder | Chemical Formula 


[ —(0)" [| an? 


HTPE Cs 49449. 84901 gogNo.194 


HTPS Ca .763H7,50502.131No.088 


34.1 


(eer. pate E 


a) Oxygen concentration, % by weight 


b) Heat of formation (298 K), kJ/mol 


Polyether pre-polymer 


(O ot CH,),—O—CH, O—(CH, cs O),—H 


CH 


3 


Where n = 17 


Polyester pre-polymer 


O 


esas O—C—(CH,)—C—O), , se C—CH, 


Since the concentration of oxygen within a 
binder is dependent on the molecular structure of 
the binder, high oxygen concentration binders 
are used to formulate HMX- or RDX-based com- 
posite propellants because these nitramines pro- 
duce no excess oxygen fragments when decom- 
posed. The binders are used to generate gaseous 
fragments without oxidation when mixed with 
these nitramines. Table 8-3 shows the chemical 
properties of HTPE and HTPS that contain a 
relatively high concentration of oxygen. Using 
these binders it is possible to formulate high- 
energy nitramine based composite propellants. 


To gain superior mechanical properties, a 
small amount of bonding agent is added to ad- 
here each oxidizer particle to the binder. As 
shown in Figure 3a, the maximum J,,, 259s 
(p = 10 MPa), is obtained when the mass frac- 
tion of AP, &(AP), is 0.89 mixed with the mass 
fraction of HTPB binder of 0.11. 


To gain higher /,, with AP-based composite 
propellants, aluminum particles are added as a 
fuel component. Though the addition of alumi- 
num particles increases the M,, the increase of 
Tyis the larger effect resulting in higher /,,. The 
effect of aluminum addition on the adiabatic 
flame temperature is shown in Figure 3b. How- 
ever, it should be noted that the maximum solid 
fraction within composite propellants is limited 
to approximately 0.85 due to mixing difficulties. 
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Figure 3a. Specific impulse of AP/HTPB/AI 
propellant as a function of the mass fraction of 
AP. 


3.2.2 Smoke, Smokeless and Low IR 
Propellants 


When aluminum particles are added to com- 
posite propellants, white smoke is generated 
due to the combustion product, aluminum ox- 
ide. If the smoke is not desirable because of 
military requirements or use in a fireworks dis- 
play, aluminum cannot be used. Furthermore, if 
the atmosphere is very humid, white smoke is 
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Figure 3b. Adiabatic flame temperature 
of AP/HTPB/AI as a function of the mass 
fraction of AP. 


also generated due to the HCl produced as a 
combustion product. This is because the HCl 
molecule acts as a nucleus for moisture from 
the atmosphere, and relatively large-sized water 
drops are formed producing a fog or a mist. 
This occurs only when the humidity in the at- 
mosphere is high or the temperature is low (be- 
low —10 °C). Double-base propellants are clas- 
sified as smokeless propellants, and composite 
propellants, using AN as an oxidizer without 
halogen molecules, are also known as smoke- 
less propellants. Figure 4 shows the nature of 
smoke exhausted from a rocket nozzle com- 
posed of (a) an AP/HTPB/AI composite propel- 
lant and (b) an NC/NG double-base propellant. 


When HMX or RDX particles are mixed with 
a polymeric binder, nitramine-based composite 
propellants are formed. Though these nitramine 
particles contain excess oxidizer fragments to 
burn the binder, the binder is gasified by the 
heat generated by the combustion of these ni- 
tramines. The major combustion products are No, 
H,, and CO; however, no CO2, H2O, or solid 
carbon (C) are formed when these propellants 
burn. This implies that infrared emission from the 
combustion products is reduced significantly. 
Nitramine composite propellants are useful for 
military rockets to gain stealth characteristics 
for launching sites and flight trajectories. 
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Figure 4. Rocket flight trajectories assisted by 
(a) an AP / HTPB / Al propellant and 
(b) an NC/ NG double-base propellant. 


3.2.3 Composite Modified Double-Base 
Propellants 


The propellant composed of AP particles with 
NC/NG used as a binder is the so-called “am- 
monium perchlorate-based composite modified 
double-base propellant (AP-CMDB propellant)”. 
AP-CMDB propellant is called a composite 
propellant because of its physical structure. 
However, the binder of NC/NG burns by itself 
and produces numerous diffusional flamelets 
around each AP particle at the burning surface. 
The AP particles act as an oxidizer to increase 
T; and J,,. Figure 5 shows the 7; and /,, of AP- 
CMDB propellants at p = 10 MPa as a function 
of E(AP). The base matrix used as a binder is 
composed of NC/NG = 1/1. The maximum 7; 
and J,, are obtained at €(AP) = 0.5. 
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Figure 5. Combustion performance of AP- 
CMDB propellant as a function of the mass 
fraction of AP. 


The propellant composed of nitramine parti- 
cles and NC/NG is the so called “nitramine- 
based composite modified double-base propel- 
lant (nitramine-CMDB propellant)”. HMX and 
RDX are typical nitramines used to formulate 
high energy CMDB propellants. Since HMX 
and RDX are stoichiometrically balanced ener- 
getic materials, they do not react with NC/NG 
used as a base matrix. These nitramines act as 
energetic additives to increase Tyand J/,, without 
chemical reactions. Thus, the 7; and J/,, of a ni- 
tramine-CMDB propellant appear to be mass 
averaged 7; and J,, of the nitramines and the 
NC/NG base matrix. 


Since the combustion products of nitramine- 
CMDB propellants are fundamentally smoke- 
less, these propellants are used for military ap- 
plication. Furthermore, when these propellants 
burn, no acids are formed because nitramines 
are halogen-free materials. 


Table 9 shows the materials used to formu- 
late composite propellants. An example of the 
chemical composition of a composite propellant 
is shown in Table 10. 


Table 9. Chemical Ingredients Used for 
Composite Propellants. 
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Curing and/or Crosslinking Agent 


hexamethylene diisocyanate 
tris(1-(2-methyl)aziridinyl) 
phosphine oxide 


dioctyl adipate 
isodecyl pelargonate 
dioctylphthalate 


_.jcyclotetrame 
nitrogu 
hexanitrohexaazaisowurtzitane 
ammonium dinitramide 


tris(1-(2-methyl)aziridinyl) 

phosphine oxide 
_.{triethanol 

adduct of 2.0 moles MAPO, 

0.7 mole adipic acid, and 

0.3 mole tartaric acid 
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Table 9. Chemical Ingredients Used for 
Composite Propellants (Continued). 


Burn Rate Catalyst 


Table 10. Chemical Composition and 
Combustion Products of a Typical 
Composite Propellant. 


mareden's er Sal %) 
| HTPB | a K 


| 0 | 200 | 2358 | 


Products (mole fractions) 


3.3 Granulated Propellants 
3.3.1 Black Powder 


Granulated propellants are used in a loosely 
packed shape containing numerous individual 
grains or powders. Though single-base propel- 
lants normally are classified as homogeneous 
propellants, some propulsion applications use a 
packed shape consisting of granulated single- 
base propellant. 


Black Powder is a typical granulated propel- 
lant used for propulsion and is used as a propel- 
lant for small-sized rockets, guns, and pyrotech- 
nics. Though the theoretical /,, of Black Powder 
is less than that of single-base, double-base, and 
AP-based composite propellants, Black Powder 
is useful for short-duration operations of simpli- 
fied propulsive systems. The advantages of Black 
Powder are low cost, very low aging effect, and 
simple adjustment of propulsive forces by the 
amount used. 


Black Powder is a mechanically mixed ma- 
terial of KN powder (60-80%), charcoal (10— 
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25%), and sulfur (8—25%) that is pressed, granu- 
lated, and formed as a packed shape for use. 
When Black Powder is ignited, combustion oc- 
curs over all granulated surfaces. Thus, the rate 
of gas production becomes much higher than that 
of conventional propellants used for rockets. 
However, this combustion phenomenon is de- 
flagration, not detonation. The burn rate of Black 
Powder is not defined as that of rocket propel- 
lants because of the nature of the granulated 
combustion, except when pressed in some ap- 
plications. The overall gas production rate is an 
important combustion parameter, and it is de- 
pendent on the granulation size of the powder as 
well as the density of the packed shape. The spe- 
cific impulse, /,,, ranges from 60 to 150s, and the 
combustion temperature ranges from 1400 to 
3200 K. These values are determined by the 
mixture ratio of the ingredients. Table 11 shows 
the chemical composition and properties of typi- 
cal Black Powder. 


Table 11. Chemical Composition and 
Properties of Typical Black Powders. 


Ingredient 


Property Range of Values 


i 732 a. o” feaenea 


Density, gicm®” . = 
1400 — 3200 


Flame temperature, kK | | 


3.2.2 Gun Propellants 


In general, powdered grains made of single- 
base, double-base, and triple-base propellants are 
classified as granulated propellants. These are 
used as gun propellants, and the burn time is on 
the order of 10 to 100 ms. The mass burn rate 
of these grains is very high because the web 
thickness (the length or thickness of the propel- 
lant grain) is very thin compared to rocket pro- 
pellants, and the burning pressure is on the or- 
der of 100 to 1000 MPa. Though the physical 
structures of single-base and double-base granu- 
lated grains are essentially homogeneous, these 
grains burn independently in combustion cham- 
bers. Thus, the flame structures appear to be 
heterogeneous in nature. The shape of each 
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grain is designed to obtain the desired pressure 
versus time relationship during burning. The 
reaction products of granulated propellants are 
essentially the same as single-base gun propel- 
lant and double-base rocket propellant. Ta- 
ble 12 shows the chemical composition of a 
typical single-base propellant. 


Table 12 Chemical Composition and 
Energetics of a Typical Granulated 
Single-base Propellant. 


Ti, K 


Products (mol/kg 


4. Reaction of Propellants 


4.1 Thermal Decomposition Process 


There have been numerous studies on the 
decomposition of propellants and their ingredi- 
ents to elucidate the aging mechanisms and burn 
rate characteristics. Various types of experimen- 
tal techniques are used: (1) differential thermal 
analysis (DTA), (2) thermogravimetric analysis 
(TG), (3) Fourier transform infrared analysis 
(FTIR), (4) Raman spectrum (RS), (5) gas chro- 
matography (GC), and (6) scanning electron 
microscopy (SEM). Since the chemical process 
of aging is very slow and the decomposition 
process for combustion is very fast, the experi- 
mental techniques shown above are applied at 
accelerated conditions for aging analysis and at 
decelerated conditions for combustion process 
analysis. 


Typical examples of the thermal decomposi- 
tion process of AP as obtained by DTA and TG 
are shown in Figure 6. These experiments are 
conducted to determine the endothermicity 
and/or exothermicity of AP decomposition. The 
AP sample size is 5 mg in a quartz cell under an 
argon atmosphere. The heating rate of the cell is 
varied from test to test and ranges from 0.08 to 
0.33 K/s. An endothermic peak is seen at 520 K, 
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and an exothermic peak is seen at 720 K using a 
heating rate 0.33 K/s. 


Argon Flow 


Mass Loss (%) 


100 


Exo. 


Endo. 


400 500 600 700 800 900 


Temperature (K) 


Figure 6. Thermochemical data of AP 
obtained by DTA and TG showing an 
endothermic peak at 520 K and an 
exothermic peak at 720 K. 


When the heating rate is increased, these 
peaks shift toward higher temperatures. As 
shown in Figure 7, the plot of reciprocal tem- 
perature versus heating rate produces a straight 
line that determines the activation energy of the 
observed phenomenon. Based on data at differ- 
ent heating rates, the activation energy E, for the 
decomposition is determined to be 134 kJ/mol. 
The activation energy of the burning surface 
decomposition is used to determine burn rate 
characteristics at high-pressure conditions. 


4.2 Characteristics of Thermal 
Decomposition 


The thermal decomposition process is dif- 
ferent for each material. For example, the exo- 
thermicity of NG is different from that of NC 
even though both are nitrate esters. Also, the 
exothermicity of a double-base propellant that 
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Figure 7. Arrhenius plot of reciprocal 
exothermic peak temperature as a function 
of heating rate obtained by DTA. 


is a mixture of NG and NC appears to be differ- 
ent from that of either NG or NC and is also 
different from an averaged value for NG and 
NC. This indicates that the thermal decomposi- 
tion property of propellant is not an averaged 
value of each propellant ingredient. Further- 
more, the exothermicity of an AP-based com- 
posite propellant is much higher than the sum 
of the exothermicity of each ingredient because 
an exothermic oxidation reaction occurs be- 
tween AP and the binder. 


Though the aging chemistry of propellants is 
complicated, the surface chemistry between oxi- 
dizer particles and binder plays a dominant role 
in determining the aging period. No definite 
methods are available to quantify such a very 
slow reaction mechanism, however, one can 
estimate it through theoretical analysis based on 
the data from DTA, TG, and other thermal meas- 
urement equipment. 


The thermal decomposition at the burning 
surface of a propellant is more than ten thousand 
times higher than that of DTA and TG heating 
rates. Though the data obtained by DTA and 
TG cannot be applied to determine ballistic 
characteristics, these are used to determine the 
thermal properties of propellant burning. 


Pyrotechnic Chemistry 


Chapter 11 — Page 15 


5. Combustion of Propellant 


5.1 Combustion Wave Structure of 
Propellants 


5.1.1 Combustion Zone 


The burn rate of solid propellant is depend- 
ent on various physicochemical parameters such 
as propellant chemical ingredients, particle size 
of crystalline oxidizers, chamber pressure, ini- 
tial propellant temperature, and burn rate cata- 
lysts. A schematic representation of the com- 
bustion wave of a solid propellant is shown in 
Figure 8a. In the condensed phase (zone J), no 
chemical reactions occur, and the temperature 
increases from the initial temperature (7 ) to the 
decomposition temperature (7,). In the solid 
phase reaction (zone II), the temperature in- 
creases from 7, to the burning surface tempera- 
ture (7,), where a phase change from solid to 
liquid and/or to gas occurs, and reactive gase- 
ous species are formed. In the gas phase reac- 
tion (zone III), the temperature increases rap- 
idly from 7, to the flame temperature (7), 
where an exothermic gas phase reaction takes 
place in the luminous flame (zone IV). 


Solid Phase Gas Phase Luminous 
Reaction Reaction Flame 
Zone (Il) Zone (Ill) Zone (IV) 


<—_\_— 


7 


Condensed 
Phase 
Zone (I) 


Reaction Gas Flow 


Burning Surface 


Figure 8a. Thermochemical structure of 
combustion wave of a solid propellant. 
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5.1.2 Heat Transfer Process 


During the steady state burning of a propel- 
lant, the heat transfer in the combustion wave 
occurs as illustrated in Figure 8b. If one as- 
sumes that physical properties A, and c, are 
constant in the gas phase, the energy conserva- 
tion equation in the gas phase reaction (zone 
IID) in the combustion wave is represented by 


Distance x 


Figure 8b. Heat balance in combustion wave 
of a solid propellant. 


Ag dp/dx — ppregp + Qe@e (x) + y= 0 (3) 


where the mass conservation-equation is repre- 
sented by 


m= p,U, = Ppt (4) 


The overall reaction rate in the gas phase can be 
represented by 


0,0 = Jo, (x) )dx =m (5) 


At the burning surface, the heat flux feed- 
back from the gas phase reaction (zone III) to 
the burning surface (zone II) by conductive heat 
transfer is given by 


A, =Ao (6) 


where @¢ is the temperature gradient in zone III 
at the burning surface represented by 


_(ar 
-(F). a 


The heat flux feedback from zone III to zone II 
by radiative heat transfer is given by 
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Lape (8) 
The heat flux produced in zone II is given by 
TPF; (9) 


The heat flux feedback from the burning sur- 
face to the condensed phase (zone J) is given by 


A, =rp,¢,(T.-T) (10) 


The overall heat balance at the gas/condensed 
phase interface is represented by 


Faas 2 Crea as Ui (11) 


The determination of the magnitude of each 
term of equation 11 is the center of research on 
the combustion study of solid propellants. 


If one assumes that the radiative heat flux 
feedback from zone III to zone IH is much 
smaller than the other terms, the burn rate is 
obtained by substituting equations 6, 9 and 10 
into equation 11 and then solving for r 


r=a,— (12) 
y 
where 
A 
a,=+e, (13) 
Pp 
y=T,-T,-O/c, (14) 


Equation 12 indicates that the burn rate of 
solid propellants is determined by two parame- 
ters: the gas phase parameter , which is deter- 
mined by the physical and chemical properties 
in the gas phase, and the condensed phase pa- 
rameter yw, which is determined by the physical 
and chemical properties in the condensed 
phase.?"'7! 


It is known that the burning rate is depend- 
ent on the initial propellant temperature 7), the 
so-called temperature sensitivity of burning rate. 
For example, the heat required to raise the con- 
densed phase temperature from 7) to the burn- 
ing surface temperature 7, decreases as Ty in- 
creases. Accordingly, the burning rated increases 
as Ty increases at constant pressure. "7! 
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5.2 Combustion of Homogeneous Propellant 
5.2.1 Combustion Wave Structure 


The combustion wave of a homogeneous pro- 
pellant is known to consist of successive one- 
dimensional, homogeneous reaction zones. Fig- 
ure 9 shows a typical example of the combustion 
wave of double-base propellants. There exist four 
reaction zones: surface, fizz, dark, and flame 
zones. The temperature increases smoothly from 
the initial propellant temperature 7) to the burn- 
ing surface temperature T,, to the dark zone tem- 
perature Ty, to the flame zone temperature T,.!”7! 


Surface | | | Luminous 
Reaction Fema 
Zone = | Dark | Zone 


c | | 


f NO, N,, CO 
RONO +> 
R'CHO| CO,CO,; CO,, H,O 


NO, Hz 


Figure 9. Combustion wave structure of a 
double-base propellant. 


At the surface reaction zone (including sub- 
surface reaction), NO» is formed due to the 
breaking of O—NO, bonds in the nitro groups of 
NC and NG. The decomposition of the remain- 
ing fragments follows, producing fuel compo- 
nents such as aldehydes. These combustible 
gaseous species react rapidly in the fizz zone 
and produce large amounts of heat. Thus, a 
steep temperature rise is observed in the fizz 
zone. In the succeeding dark zone, the NO pro- 
duced by the reduction of NO, in the fizz zone 
reacts slowly, and the temperature also rises 
slowly. The NO and the rest of the fuel prod- 
ucts react more rapidly after some elevated 
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temperature is achieved at some distance from 
the burning surface and form the luminous 
flame zone. In this flame zone, the final com- 
bustion products, such as N>, CO», H,O, etc., 
are produced, and the temperature reaches its 
maximum. These reaction processes are largely 
dependent on pressure. 


5.2.2 Burn Rate Characteristics 


The burn rate of a double-base propellant is 
approximately a straight line in a log p versus 
log r plot. The pressure exponent, n, of the burn 
rate is determined to be 0.60. Table 13 shows the 
chemical compositions of double-base propel- 
lants—A, B, and C. As shown in Figure 10, the 
pressure exponent is unchanged even when the 
mass fraction of DEP is increased (Hex, is de- 
creased by the increase of the mass fraction of 
DEP). The mixture ratio of NC/NG is kept at 1.31 
for Propellants A, B, and C. It is evident that 
the burning rate increases as H.,, increases, also 
the burning rate increases as the energy con- 
tained in the unit mass of propellant increases. 


Propellant 
A oO 
BoA 
Coa 


Burn Rate (mm/s) 


0.1 0.5 1 5 10 20 
Pressure (MPa) 


Figure 10. Burn rate of double-base 
propellants as a function of pressure showing 
that the pressure exponent remains unchanged 
when the mixture ratio of NC/NG is changed. 


5.2.3 Dark Zone Reaction 


The photographic observation of the flame 
structure shows that the luminous flame zone 
approaches the burning surface as the pressure 
increases. The dark zone length, which is ap- 
proximately equal to the luminous flame stand- 
off distance, Ly, (the fizz zone length is much 
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Table 13. Chemical Compositions of Propellants—A, B, and C Showing Increasing Mass 


Fraction of DEP. 


NC/CG 


shorter than that of the dark zone), is repre- 
sented by 


Ly = ap* (15) 


where d is the dark-zone pressure exponent. 
The reaction time to produce the luminous 
flame, t,, is defined in 


ta = Lalug (16) 


where uz is the gas flow velocity in the dark 
zone. Applying the mass conservation equation 
given by equation 4 to the dark zone, one gets 


ee (17) 


The gas density in the dark zone, pg, is propor- 
tional to pressure and the reaction time is pro- 
portional to p”~' where m is the overall order 
of the reaction in the dark zone. In general, the 
burn rate is represented by 


r = ap" (18) 


where n is the pressure exponent of burning rate 
and a is constant that is dependent on the 
chemical composition and the initial tempera- 
ture. Substituting equations 16 to 18 into equa- 
tion 15, one gets 


La — cp" (19) 


where c is constant. As shown in Figure 11, d is 
determined to be —2.0. The overall reaction or- 
der in the dark zone, m, is determined to be ap- 
proximately 2.6. This reaction order indicates 
that the reaction in the dark zone is more pres- 
sure sensitive than other gas-phase reactions of 
which reaction orders are approximately 2.0. It 
has been reported that the reaction involving NO 
as an oxidizer is a termolecular (or trimolecular) 
reaction (i.e., larger than 2.0). Thus, the reaction 
in the dark zone is responsible for the NO reduc- 
tion to produce the final combustion product. 
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Figure 11. Dark zone length versus pressure 
for a double-base propellant A. 


5.2.4 Fizz Zone Reaction 


The temperature gradient in the fizz zone, 
(d7/dx),, is represented by 


0,O, 


dT/dx 
(d7/dx), , = ee 


(20) 


where Q; is the heat of reaction in the fizz zone. 
The reaction rate in the gas phase is given by 


ie ei en! 
= p’Z exp| —— RT, (21) 


Substituting equation 21 into equation 20, one 
obtains the relationship between (d7/dx),, and 
pressure as 
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(d7/dx), ~ pi" (22) 
The results of the measurement of (d7/dx),,as a 
function of pressure show that k—m appears to 
be constant for double-base propellants and is 
determined to be 0.85. Thus, the reaction order 
in the fizz zone is determined to be k= 1.7. 


5.2.5 Burn Rate Characteristics 


The burn rate of double-base propellants is 
determined by the heat flux transferred back 
from the gas phase to the burning surface as 
given by equation 12. The reaction rate in the 
fizz zone and the dark-zone temperature play a 
dominant role in burn rate. Since the mixture 
ratio of NC and NG alters the temperature pro- 
file in the gas phase, the heat flux is also al- 
tered. 


Figure 12 shows that the burn rate of dou- 
ble-base propellants increases with increasing 
the energy contained within the unit mass of 
propellant that is represented by H.., However, 
it must be noted that the burning rate is not de- 
termined by the temperature in the flame zone, 
T., but is determined by the increased reaction 
rate in the fizz zone. The reaction rate in the 
fizz zone increases as H,,, increases. 


5.3 Combustion of Heterogeneous 
Propellant 


5.3.1 Combustion Wave Structure 


Heterogeneous propellants consist of crys- 
talline oxidizer particles and a polymeric fuel 
binder. The decomposition process of these ma- 
terials occurs on and above the burning surface 
of the propellant. The gaseous oxidizer and the 
fuel fragments generated at the burning surface 
diffuse and mix together above the burning sur- 
face. This binary diffusion process produces a 
reactive gaseous fragment that reacts to produce 
heat and a combustion product. 


Figure 13 shows the combustion wave struc- 
ture of an AP/HTPB composite propellant. 
Unlike those of a double-base propellant, the 
surface and gas phase reaction zones are het- 
erogeneous because the AP particles decom- 
pose to produce an oxidizer fragment through 
the reaction process described in Section 3.2, 
and the HTPB binder decomposes to produce 
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Figure 12. The burn rate of double-base 
propellant increases as the heat of explosion 
increases. 


gaseous hydrocarbon fragments at the burning 
surface. These gaseous fragments diffuse with 
each other to produce reactive gases that com- 
bine to produce its final reaction product. Since 
the thermochemical properties of AP and HTPB 
are different, the temperatures of decomposition 
are different. In addition, the rates of decompo- 
sition of AP and HTPB are also different. Thus, 
not only the physical structure but also the 
thermal structure of the burning surface of the 
propellant becomes heterogeneous. As shown 
in Figure 13, the time-averaged temperature 
increases from the initial propellant temperature 
Ty to the burning surface temperature 7,, and 
then to the flame temperature 7. 


5.3.2 Burn Rate Characteristics 


The heat feedback from the gas phase to the 
burning surface is not only dependent on the 
reaction rate of the reactive gases above the 
burning surface, but also on the diffusion rate 
between the oxidizer and fuel fragments. Ac- 
cordingly, the particle size of the oxidizer plays 
an important role in the determination of the 
heat flux feedback from the gas phase to the 
burning surface. The diffusion rate increases as 
the AP particle size decreases. As shown in 
equation 12, the burn rate is dependent on the 
heat flux feedback to the burning surface. Thus, 
one can conclude that the burn rate increases as 
the AP particle size decreases. Figure 14 shows 


Propellant Chemistry 


Diffusion T 


YY Zone 
YY; Reaction Flame 
AY) Zone Zone 


Propellant 


<— Burning Surface 


H, CO, CO, 


N 
AP + HIC —> ee —?.0. HCl 


HCIO, 


Figure 13. Combustion wave structure of an 
AP composite propellant. Note that “H/C” in 
the figure means hydrocarbon. 


a typical example of burning rate versus pres- 
sure relationship of AP/HTPB composite pro- 
pellants as a function of AP particle size. 


The flame temperature 7; is dependent on 
the mass fraction of AP, E(AP), as shown in 
Figure 3b. It is shown that 7; increases as €(AP) 
increases at constant AP particle size. However, 
Ty reaches a maximum at €(0.87) and thereafter 
decreases as €(AP) increases. Since the burn 
rate is dependent on 7;as shown in equation 12, 
the burn rate becomes a function of €(AP). 
Thus the burn rate increases as €(AP) increases 
up to €(0.87) at constant AP particle size. Fig- 
ure 14 shows the results of the effect of AP par- 
ticle size on the burn rate of AP/HTPB propel- 
lants. It is evident that the burn rate increases as 
the particle size of AP particles decreases at 
constant €(AP). In addition, the burn rate in- 
creases as €(AP) decreases when the same size 
of AP particles is used.?3*! 


5.3.3 Combustion of CMDB Propellant 


The AP particles mixed with an NC/NG ma- 
trix of an AP-CMDB propellant act as an oxi- 
dizer on and above the burning surface. The 
luminous flame streams are formed by diffusion 
of the AP oxidizer-rich gas and the NC/NG 
fuel-rich gas in the dark zone of the NC/NG 
matrix. As the mass fraction of the AP particles 
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Figure 14. Burn rate of AP composite 
propellant showing that the burn rate increased 
with the mixing of fine AP particles. 


increases, the number of luminous flame streams 
increases until the dark zone is completely 
eliminated. The flame temperature in the dark 
zone is increased, and then the heat flux feed- 
back from the gas phase of the propellant is 
increased by the addition of AP particles. Thus, 
the burn rate of AP-CMDB propellants depends 
largely on the mass fraction and the AP particle 
size mix. 


On the other hand, nitramines such as HMX 
and RDX are stoichiometrically balanced ener- 
getic materials, and they produce high tempera- 
ture combustion products without excess oxi- 
dizer fragments. Furthermore, the nitramine par- 
ticles melt and diffuse on the NC/NG matrix and 
form homogeneously mixed gases above the 
burning surface. Thus, the gas phase structure 
appears to be similar to that of a double-base 
propellant. A luminous flame stands some dis- 
tance above the burning surface, and a dark zone 
is formed between the luminous flame and the 
burning surface. The luminous flame approaches 
the burning surface as pressure increases. 
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As shown in Figure 15, the burn rate of HMX- 
CMDB propellant increases as pressure increases 
when €(HMX) remains constant. However, the 
burn rate decreases as E(HMX) increases at 
constant pressure. This indicates that the burn 
rate decreases as the energy contained within 
the unit mass of HMX-CMDB propellant in- 
creases. However, the burn rate appears to be 
less dependent on the HMX particle size mixed. 


HMX Fraction 
oO 0.0 
A 0.167 
o 0.444 


Base Matrix 


NC 0.25 
NG 0.65 
DEP 0.10 


Burn Rate (mm/s) 


03 0.5 1 2 3 5 68 
Pressure (MPa) 
Figure 15. Burn rate of HMX-CMDB propel- 


lant as a function of the mass fraction of HMX. 


TAGN is a unique energetic material that 
produces a high /,, defined in equation 1. Ta- 
ble 14 shows the thermochemical properties of 
TAGN and HMX. Though the heat of forma- 
tion of TAGN is much lower than that of HMX, 
the energetics defined in (7; /M.)'” appears to 
be approximately equal for both materials. This 
is because the molecular mass (M.) of the com- 
bustion products is low even though the flame 
temperature (7;) is low due to the high mass 


fraction of hydrogen atoms contained within 
TAGN. In addition, the burn rate of TAGN is 
about double that of HMX at the same burn 
pressure. This occurs due to the ionic chemical 
bond of the HNO; molecule attached to the 
TAGN molecular structure. The pressure expo- 
nent (n) is 0.78 for TAGN and 0.66 for HMX. 
Since TAGN is a crystalline material similar to 
HMxX, it is used to formulate a TAGN-CMDB 
propellant. When TAGN particles are mixed with 
a polymeric binder such as HTPE or HTPB, a 
TAGN-based composite propellant is formed as a 
cool propellant or a cool gas-generating material. 


5.4 Combustion of Granulated Propellant 


Each grain within a granulated propellant 
burns independently. When the grains are com- 
posed of a double-base propellant used for 
rockets, the linear burn rate of each grain ap- 
pears to be the same as the burn rate of the dou- 
ble-base propellant in a rocket motor. Accord- 
ingly, the combustion wave structure of the 
granulated propellant made of a double-base 
propellant is the same as that of the double-base 
propellant. However, the difference between a 
granulated propellant and a rocket propellant is 
evident. The mass burn rate of the granulated 
grains is much faster than that of rocket grains 
because the burning surface area of the granu- 
lated grains is much larger than that of rocket 
grains. 


When Black Powder is used as a propellant, 
the mass burn rate is much greater than granu- 
lated single-base and double-base propellants. 
This is due to the high porosity and small size 
of each grain of Black Powder. The burn rate is 
also dependent on the type of charcoal. Various 
charcoals are made from different types of trees. 
The porosity of charcoal is dependent on the 
type of tree used. 


Table 14. Thermochemical Properties of TAGN and HMX. 


/MolecularMass. | Me. (ka/kmol) 


|Heat of Formation 
Energy Content 
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“AHS, (Mulkg) [0.28 |" 40.25 


[(T;/M.)""]_ (K-kmol/kg) 
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In general, granulated propellants are used 
to eject projectiles from launch tubes such as 
gun projectiles and to burst fireworks shells 
because they produce high pressure almost in- 
stantaneously. The ejection velocity of a projec- 
tile is determined by various parameters: pro- 
jectile mass, launch tube length, pressure versus 
time in the launch tube. Detailed examination 
of the ejection process is accomplished by the 
analysis of interior ballistics. 


Summary 


The chemical ingredients mixed within pro- 
pellants are used to gain various properties such 
as to increase specific impulse, to gain smoke- 
less combustion products, to gain high or low 
burning rate, and to suppress combustion insta- 
bility in a rocket motor, and so on. This chapter 
presents an overview of propellant chemistry to 
give information on the fundamentals of propel- 
lant combustion. 


Since propellants are composed of energetic 
chemicals of oxidizer and fuel components, the 
reactivity and combustion are dependent on the 
physicochemical properties of the chemicals. 
When a propellant is ignited by an external heat 
source, the temperature of the propellant in- 
creases from the initial temperature of the pro- 
pellant to the decomposition temperature with- 
out chemical reaction. When the temperature 
reaches the gasification temperature at the burn- 
ing surface, reactive gases are formed on and 
above the surface. 


In the gas phase, an exothermic reaction oc- 
curs, the final combustion products are formed, 
and the temperature reaches the maximum. The 
heat flux transferred back from the high tempera- 
ture gas to the burning surface increases the pro- 
pellant temperature to gain a successive burning. 
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Table 8-2. Chemical Processes and Molecular Structures of Typical Binders Used for 
Composite Propellants. 


Polysulfide 
H—(SCH,CH,OCH,OCH,CH,S),—H + HO—N={_)=N—OH 


Polymer Curative 
(LP-3) (PQD) 


—> —(SCH,CH,OCH,OCH,CH,S),— H,N—(_)—NH, + H,0 


2 


Polyurethane 
H-R—OH + ocN—-{\—cH, —» —/R—-o—c—Hn—¢ \—cH, 
x \ 
NCO NHC—] + 
; O 
Polymer Curative Binder 
(TDI) 


Polyester-type (NPGA) 
CH 4 1 1 


| 
R: —|OCH,—C—CH,OC(CH,),C }] — 


Polyether-type (D-2000) 
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Table 8-2. Chemical Processes and Molecular Structures of Typical Binders Used for 
Composite Propellants. (Continued) 


Carboxyl terminated polybutadiene (CTPB) 
Imin-type curative 
O 


I 
HOC—C,H,—(CH,—CH=CH—CH,) —C,H,COH + P Sal 


3 
Polymer CH, 


(HC-434) Curative 
(MAPO:imin) 


O O CH, O CH 


3 
| ll | | | 
— a a aa 


N CH, 
| | 
CH,—CH— 


Carboxyl terminated polybutadiene (CTPB) 


epoxy-type curative 
N—(CH,—CH—CH 
O O | ( 2 7 as 


| | 
HOC—C,H,—(CH,—CH=CHCH,) —C,H,COH + C 


| 
O—CH,—CH—CH, 
O 


Polymer Curative 
(HC-434) (ERLA-0510:epoxy) 


O O OH OH 


II | | | 
—> | —O—C—C,H,—(CH,—CH=CH—CH,), —C,H,COCH,-CHCH-N—{")—OCH,CH—CH,— 
| 


CH,CHCH,— 


| 
Binder OH 
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Table 8-2. Chemical Processes and Molecular Structures of Typical Binders Used for 
Composite Propellants. (Continued) 


Hydroxyl terminated polybutadiene (HTPB) 
H.C 


3 
HO—(CH,—CH=CH—CH,) —OH + H,C 
H,C CH,NCO 


Polymer Curative 
(R-45M) (IPDI) 


H,C CH, 


O 


— 


Binder 
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An earlier version appeared in Journal of Pyrotechnics, No. 11, 2000. 
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ABSTRACT 


A number of parameters are needed to de- 
sign a rocket motor to satisfy the specified flight 
trajectory of its payload. The major components 
of a rocket motor are propellant grain, motor 
case and its insulation, nozzle, and igniter. One 
of the key parameters is the burn rate charac- 
teristic of the propellant grain that is set in a 
rocket chamber either by cast method or by 
free-stand. The combustion phenomena in the 
motor are highly dependent on the design of the 
perforated propellant grains in which transient 
burning, erosive burning, oscillatory burning, 
and unstable burning occur. As a special rocket 
motor design, a two stage motor with two pro- 
pellant grains in a single chamber, is described 
and compared with practical firing test results. 


Keywords: flight dynamics, rocket motor, 
propellant combustion, two-stage motor, 
igniter, propellant grain, nozzle 


1. Introduction 


Rocket projectiles are used to carry a pay- 
load from a launch site to a specified location or 
altitude within a specified time. Rocket motors 
are used to generate propulsive forces for the 
projectile flight of which velocity is either sub- 
sonic or supersonic, or even hypersonic. The size, 
mass, and thrust of solid rocket motors vary 
widely from the space shuttle booster (3.77 m 
in diameter, 45.45 m in length, 502.12 x 10° kg 
of mass, and 11.79 MN thrust at sea level) to a 
micro-rocket motor (smaller than 0.01 _m in 
diameter, 0.05 m in length, 0.1 kg of mass, and 
1.0 N thrust). However, the fundamental con- 
cepts of rocket motor design are independent of 
the size, mass, and thrust. 
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The thrust generated by the combustion of a 
solid propellant is determined not only by the 
chemical energy of the propellant but also the 
thermodynamic processes in a rocket motor. In 
this chapter, the physicochemical properties of 
propellants and the energy conversion processes 
in rocket motors are presented in light of the 
design of various types of rocket motors. 


2. Flight Dynamics of Rocket 
Projectiles 


2.1 Momentum Change of Exhaust Gas 


The design of a rocket projectile assisted by 
a solid rocket motor is determined by the re- 
quirement of flight trajectory. Once its flight 
trajectory and payload are given, an optimized 
total mass of the projectile and the thrust versus 
time of flight are determined.!" The flight path 
of the projectile is dependent on various exter- 
nal parameters such as gravitational force, air 
density, wind velocity, and so on. 


Although the physical structure of solid 
rocket motors is a very simplified one when 
compared with that of liquid rocket motors, 
once the propellant is ignited, the thrust gener- 
ated by the propellant combustion cannot be 
changed. Thus, the chosen design parameters are 
not flexible. The mass and the size of the pro- 
pellant grain are evaluated through the required 
thrust versus burning time relationship. In gen- 
eral, as the mass of the payload increases, the 
mass of the propellant grain in the motor in- 
creases, and the size of the motor also increases. 


The momentum change of the projectile 
during rocket motor operation is represented by 


(M —Am)(V +AV)—MV =MAV —VAm (1) 


where M is the mass of the projectile at time ¢, 
V is the flight velocity, AV is the velocity 
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change during the time interval Az, Am is the 
exhaust mass from the projectile during the 
time interval At. In equation 1, it is assumed that 
the AVAm term is such a small value that it can 
be ignored. The momentum change of the ex- 
haust gas is represented by 


(V -u,)Am=V Am -u,Am (2) 


where u, is the exhaust gas velocity from the 
projectile. Thus, the overall momentum change 
is given as 


MAV —u,Am (3) 
The thrust Fis given by the momentum changes 


of the projectile and the exhaust gas per unit 
time as 


_ MAV —u,Am 
At 


i (4) 


2.2 Aerodynamic Drag and Flight 
Trajectory 


As shown in Figure 1, the force balance act- 
ing on the rocket projectile is represented by 


F =-—D-Mgcos0 (5) 


where D is the aerodynamic drag and g is the 
gravitational acceleration. Since the mass of the 
projectile decreases (AM during the time inter- 
val Af), the relationship of Am/At=-— (AM/At) 
is obtained. Using equations 4 and 5, one gets 
the force balance of 


MAV +u,AM =(—D-Mgcos8) At (6) 


Thus, the velocity increase of the projectile is 
obtained as 
u.AM DAt 
M 
Assume horizontal flight (9 = 90°), for ex- 
ample, without aerodynamic drag (D=0), the 


flight velocity increases from Vo to V and the 
mass decreases from My to M. Thus, one gets 


V—-V,=u,ng (8) 


AV = 


gcosOAt (7) 


where ¢ is the mass ratio defined by g = M/M. 
The maximum flight velocity V,,,,. is obtained 


Vnae = Vo +U, In Q (9) 


max 
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- 


e 


Figure 1. Force balance during flight of a 
rocket projectile. 


where @p is the mass ratio of the initial mass Mp 
and the burnout mass M, of the projectile. 


In the case of vertical flight (@= 0°) from 
the ground without aerodynamic drag (D =0), 
the flight velocity at time ¢ is also obtained by 
the integration of equation 7 as 


V =u, \Ing- gt (10) 


The altitude h, at the burnout time ¢, is obtained 
by the integration of equation 10 as 


1-1 t? 
hom “| = (11) 
Q —-1 2 


It can be seen from equation 11 that the flight 
altitude increases as gp increases and/or u, in- 
creases. The maximum flight altitude hy of the 
projectile is obtained by the conservation of the 
kinetic energy and the potential energy of the 
projectile as 


2 
M,—E=M,g(h,-h,) (12) 


Since the burnout velocity V, at time ¢, is ob- 
tained by V, = u. In go — g ty, hy is obtained as 


1 2 
2g Q -1 


0 
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The thrust required for flight in the atmos- 
phere is determined by the aerodynamic drag for 
deceleration shown in equation 5. The aerody- 
namic drag is represented by 


D=5p,V?AC, (14) 


where V is flight velocity, A is the maximum 
cross sectional area of the projectile, p, is air 
density, and Cz is the drag coefficient. Since Cy 
is dependent on the flight velocity and the physi- 
cal shape of the projectile, C; must be deter- 
mined by either wind tunnel tests, mathematical 
computations using computational fluid dynam- 
ics (CFD), or physical simulations. Figure 2 
shows a typical drag coefficient of a rocket pro- 
jectile as a function of Mach number. Mach 
number is defined as the ratio of the flight ve- 
locity and the speed of sound in the flight at- 
mosphere. 


Drag Coefficient 


“0 1 2 3 4 5 
Mach Number 


Figure 2. Drag coefficient of a typical rocket 
projectile as a function of Mach number. 


The deceleration of the projectile after burn- 
out (a) due to the aerodynamic drag and gravi- 
tational force is obtained by 


F 1 Vy? 


=—= C,p.A cos@ 15 
a M 2 dP M & ( ) 


In the case of 8 = constant, the velocity at time ¢ 
is obtained by the integration of equation 15 as 


2 
V=/, -{[$6 pA |i groso (16) 
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The flight altitude at time ¢ is obtained by the 
integration of equation 16. It must be noted that 
Cz is a function of velocity when equations 15 
and 16 are integrated. 


If one assumes that the flight is vertical and 
Cy remains constant during free flight, the alti- 
tude hy is obtained by the integration of equa- 
tion 16 as 


h,=[V dt (17) 


Using equations 16 and 17, the relationship 
between V and hyas a function of ¢ is obtained. 


3. Thermodynamics for Thrust 
Generation 


3.1 Structure and Combustion of a Rocket 
Motor 


The chemical energy of a solid propellant is 
converted to thrust that is generated by a rocket 
motor through combustion phenomena. When a 
solid propellant burns in a rocket motor, high 
temperature combustion products are formed 
and high pressure is created in the motor. Then 
the thrust is generated by the high pressure based 
on the momentum change through a thermody- 
namic nozzle attached at the aft end of the 
combustion chamber. Figure 3 shows the fun- 
damental structure of a solid rocket motor. The 
motor consists of combustion chamber, nozzle, 
and propellant. The propellant grain is set in the 
combustion chamber and the nozzle is attached 
at the aft end of the combustion chamber. The 
nozzle is used as an accelerator of the combus- 
tion gas from subsonic flow to supersonic flow, 
and the combustion gas is exhausted to the at- 
mosphere through the nozzle. The nozzle con- 
sists of a convergent part, a throat, and a diver- 
gent part. The convergent part accelerates the 
subsonic flow to sonic speed and then the di- 
vergent part accelerates the gas flow from sonic 
speed to supersonic speed. The maximum speed 
is obtained at the exit plane of the divergent 
part. The convergent part and the divergent part 
(A.) are connected at the nozzle throat where 
the cross-sectional area is the minimum of the 
nozzle A,.!'3! 
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Combustion 


<< Chamber 


Propellant eae 


F< 


Volume 


Nozzle ———>» 
Convergent 


Figure 3. Structure of a rocket motor and burning of a propellant grain. 


Since the propellant grain is set in the com- 
bustion chamber, the free volume in the cham- 
ber increases as the propellant grain is consumed. 
The internal surface of the chamber maybe 
covered by an insulating material to protect the 
chamber wall from the high temperature com- 
bustion products. Thermally resistant material 
is used for the nozzle to prevent thermal erosion 
from the high temperature and high velocity gas 
flow. An igniter is attached to the chamber wall 
to ignite the initial surface of the propellant grain. 


3.2 Mass Balance in a Rocket Motor 


As shown in Figure 4, a rocket motor is a 
high pressure vessel in which high pressure is 
formed by the combustion of a propellant grain 
in the vessel. The high pressure decreases in the 
nozzle as the gas flow velocity increases. Since 


the pressure acts perpendicular to the internal 
surface of the combustion chamber and the 
nozzle, the thrust, acting on the rocket motor, 
yields as the resultant pressure. Thus, the pres- 
sure in the chamber and in the nozzle is an im- 
portant parameter in determining the thrust 
characteristics of the rocket motor. 


When a propellant grain set in a combustion 
chamber burns, combustion gas is generated and 
is discharged from the nozzle as shown in Fig- 
ure 3. The mass generation rate in the combus- 
tion chamber, m,, is given by 


ri, = P,Ayr (18) 


where r is burning rate of the propellant, A, is 
the burning surface area of propellant, and p, is 
the density of propellant. The mass discharge 


Figure 4. Pressure distribution in the combustion chamber and the nozzle of a rocket motor. 
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rate from the nozzle, m,,is given by 
ae (19) 


where A; is the cross-sectional area of the throat, 
Pc is the chamber pressure, and cp is the nozzle 
discharge coefficient given by 


y+1 
M yl 
ey=| SE (20) 
cd aes fa 


Equation 20 shows that cp is dependent on the 
combustion properties of propellant such as 
combustion temperature 7,, molecular mass M,, 
and y the ratio of specific heats at constant 
temperature and pressure of the combustion 
product. The universal gas constant R is defined 
by R=R,M,, where Rg is the gas constant of the 
combustion product. 


The mass balance of the rocket motor at 
steady state is given by 


ri, = ti, (21) 


Using equations 18, 19 and 21, the chamber 
pressure is determined to be 


= Pi5f 


Cc 


(22) 
Cp 

where K,,= A,/A;, which is determined by the 
physical dimension of the rocket motor design. 
In general, the burn rate of propellant increases 
linearly as pressure increases in a In p versus 
Inr plot at constant initial temperature 7», 
where r is burn rate and p is pressure. Thus, the 
burn rate is represented by the experimental 
law, Vieille’s law or Saint Robert’s law as 


r=ap" (23) 


where 7 is the pressure exponent of burn rate 
and a is a constant based on the initial propel- 
lant temperature 7. Substituting equation 23 into 
equation 22, one gets 


1 


K. \ca 
p.= [Se (24) 


Cp 


The mass balance of a rocket motor is illus- 
trated in Figure 5. The chamber pressure p, is at 
the intersection of the straight line m, and the 


curved line of m,. It is evident that the inter- 
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section point is a stable point only when the 
pressure exponent 7 is less than unity. When 
n>1,m, becomes larger than m, and the cham- 


ber pressure increases slightly. As a result, the 
rate of gas generation becomes greater than the 
rate of mass discharge, and the chamber pressure 
increases to an even higher pressure. When the 
chamber pressure decreases slightly, m, becomes 


larger than m ™ As aresult, the chamber pressure 


decreases to atmospheric pressure—usually re- 
sulting in an explosion. 


p, determined by 
m, =m, 


“im, (n> 1) 
UNSTABLE 


Pressure 


Figure 5. Mass balance of the mass 
generation in the chamber and the mass 
discharge from the nozzle showing the 
conditions of stable and unstable burning. 


3.3 Thrust and Specific Impulse 
Once the thrust required is determined, the 


mass generation rate (th ) of the propellant 


grain in the rocket motor is determined by the 
following relationship: 


F=mn,1,, (25) 


where J/,,, the specific impulse, is determined 
by! 4) 
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sp 


sii 2 RT, 1 [24)’ + 
g ¥-1LM, 


+1 

1 ig RT, [za2.)4 

gl 2 YM De JA, 
where 7, is the combustion temperature, M, is 
the molecular mass of the combustion products, 
y is the specific heat ratio, R is the universal gas 
constant, A, is the cross-sectional area of the 
nozzle exit, p, is the pressure at the nozzle exit, 
Pa is atmospheric pressure, and g is the gravita- 
tional acceleration. This shows that J,, is a 
function of not only the energetics of the pro- 
pellant but also the expansion ratio of the noz- 
zle, which is determined by ratio of the nozzle 
exit area to the throat area and the ambient at- 
mospheric pressure. The maximum specific im- 
pulse (sp max) 1s obtained when the nozzle exit 
pressure is equal to atmospheric pressure (i.e., 
Pe = Pa) as 


y-1 


RT 7 
got ere) [2.)’ (27) 
e\y-1 mM, P. 


sp,max 


This condition is obtained when the expansion 
ratio is chosen to be an optimum expansion ra- 
tio as described in Reference 2. 


The thrust of a rocket motor is expressed 
by! 


F=c,A,p, (28) 


where F is thrust, p. is pressure in the combus- 
tion chamber, and cr is the so-called “thrust 
coefficient”, which is determined by the nozzle 
expansion ratio of the rocket motor as given by 


This shows that cr is only dependent on the ex- 
pansion ratio of the divergent part of the nozzle 
and is independent of the combustion perform- 
ance of the propellant in the combustion cham- 
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ber. The maximum thrust coefficient (Cray) 1S 
obtained when the pressure at the nozzle exit 
(p-) is equal to the atmospheric pressure (p,). 
Thus, Crmax iS given by 


In general, cr is approximately 1.4—1.5 for low 
altitude operation and 1.5—1.6 for high altitude 
operation when the nozzle is designed to gain 
an optimized expansion ratio. The overall per- 
formance of a rocket motor is given by J,,, 
which consists of two parameters:''*! the per- 
formance of combustion in the rocket motor 
represented by T, /M, and the performance of 


the nozzle represented by cr. 


3.4 Pressure Sensitivity of Burn Rate 


The pressure sensitivity of burn rate is ex- 
pressed as! *! 


dinr 
i= 
din p 


at constant 7; (31) 


The burn rate also increases as 7y increases at 
constant pressure. A typical example of the re- 
sults obtained by a strand burner at 7) = 233 
and 333 K is shown in Figure 6. The tempera- 
ture sensitivity of burn rate, o,, is defined as the 
fraction of burn rate increase when the initial 
propellant temperature of 273 K is increased at 
constant pressure as 
ha" 


oie 32 
» TF (32) 


where 79 and 7; are the burn rates at tempera- 
tures 7) and 7,, respectively. The differential 
form of o, is 


_ dinr 


P 


at constant p (33) 
0 


Substituting equation 23 into equation 33, one 
gets 


7 d In(ap") 
at 
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at constant p, and then 


da 


T, 
a= oh at constant p (34) 
a 


Burn Rate (mm/s) 


1 2 4 7 10 20 3 
Pressure (MPa) 


Figure 6. Burn rate versus pressure at 
different initial propellant temperatures. 


3.5 Pressure Sensitivity of Rocket Motor 


When 7p of the propellant in the combustion 
chamber is changed, p, is changed according to 
the relationship of equation 24. The pressure sen- 
sitivity of a rocket motor, 7, is defined asi 

Pz, — Pre, 


a,=—————_ at constant K, (35) 
1-1 


where p, and p,, are the chamber pressures at 
T, and To, respectively. The differential form of 
equation 35 is given by 
I 
x, = = at constant K, (36) 
a7, 


Substituting equation 24 into equation 36, one 
gets 
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*  a(1—-n) (37) 


l-n 


Thus, it should be noted that the temperature 
sensitivity of burn rate 6, and the pressure ex- 
ponent of burning rate n are the two important 
parameters to determine the chamber pressure 
Pc (1.e., the thrust of the rocket motor as shown 
by equation 28 at different initial propellant 
temperatures). 


Figure 7 shows a typical result of rocket 
motor firing tests at JT) = 233 and 333 K (con- 
stant K,). The propellant used is hydroxyl- 
terminated polybutadiene (HTPB) / ammonium 
perchlorate (AP) composite propellant com- 
posed of &(AP)=0.84 with o, =0.003/K and 
n=0.5 (a= 0.006/K). It is important to note 
that the chamber pressure increased from 
4.9 MPa (To = 233 K) to 8.0 MPa (Tp = 333 K). 


Gp = 0.003/K 
n=0.5 


Pressure (MPa) 


0 2 4 6 8 10 12 
Burn Time (s) 


Figure 7. Firing test results of a rocket motor 
at different temperatures. 


Solid Rocket Motor Design 


External Burning 


Internal Burning 


regressive 


Thrust 


Burning Time 
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External-Internal Burning 


1@ | 


End Burning 


Figure 8. Propellant grains and their thrust 
(pressure) versus burning time. 


4. Propellant Grain Design 


4.1 Thrust Versus Burning Time 


The thrust generated by the burning of a 
propellant grain is determined by the mass burn 
rate and the mass discharge from the nozzle. 
The mass burn rate is dependent on the linear 
burn rate, burning surface area, and propellant 
density. The burning time ¢, is given by 


= (38) 


r 
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where L, is the length or thickness of the pro- 
pellant grain and is termed “web thickness”. 
The burning surface area A, is dependent on the 
grain geometry. 


Figure 8 shows typical propellant grain 
shapes to gain various types of thrust versus 
burning time relationships.'! The external burn- 
ing—from the outside of a cylindrical grain— 
generates a regressive thrust as the burn time 
increases. On the other hand, an internal burn- 
ing grain from the internal surface of a hole ina 
cylindrical grain generates a progressive thrust 
as burning time increases. A star-shaped inter- 
nal burning generates a neutral burning (i.e., the 
area remains relatively unchanged during burn- 
ing). The external-internal burning cylindrical 
grain generates a neutral burning. An end burn- 
ing cylindrical grain also generates a neutral 
burning. 


Figure 9 shows various types of granulated 
propellant grains used for guns and pyrotech- 
nics. Since a large number of the granulated 
grains burn simultaneously in a combustion 
chamber, the burning surface area A; is signifi- 
cantly higher than the propellant grains shown 
in Figure 8; also the mass burning rate of the 
granulated grains is high. The chamber pressure 
becomes high due to high K, based on equa- 
tion 22, and the thrust becomes high. On the 
other hand, the burning time ¢, becomes very 
short, based on equation 38, since the web 
thickness of the granulated grains is very thin. 


SYM 


Figure 9. Various types of granulated 
propellant grains. 


Internal burning grains are commonly used 
for solid rocket motors to protect the chamber 
wall from the high temperature gas generated 
by the propellant combustion. The side chamber 
wall is exposed only when the burning of the 
grain is complete. Thus, the heat insulation of 
the chamber wall is not a major issue for the 
motor design. Figure 10 shows typical cross 


Pyrotechnic Chemistry 


Figure 10. Cross-sections of perforated 
internal-burning propellant grains. 


sections of perforated propellant grains, such as 
star-shaped, wagon-wheel-shaped, and dendrite- 
shaped. Two or more different propellant lay- 
ered grains are also used to gain various types 
of thrust versus burning time." 


Sustainer Propellant 


Since rocket projectiles are generally 
launched from the ground or from low speed 
carriers, and the initial speed of the projectile is 
low, a high thrust is required to gain stabilized 
flight of the initial stage to protect the rocket 
motor from side wind effects and/or to avoid 
tip-off from launchers. Thus, the thrust of a 
rocket motor often consists of two phases, 
booster phase and sustainer phase. When the 
thrust ratio of the booster and sustainer phases 
is not high, the required thrust versus burning 
time curve is attained. However, when the ratio 
is high, two propellant grains are needed: a high 
burn-rate grain for the booster phase and a low 
burn-rate grain for the sustainer phase. Fig- 
ure 11 shows typical combinations of two grains 
and internal and/or end burning type of grains 
to obtain high thrust ratios of booster and sus- 
tainer phases. 


Booster Propellant 


SSS 
MAAAAAAANAAAAAAAAAAAY 
SSS 


SSS 
i= 
RSS 


Sustainer Propellant 
Booster Propellant 


a 


Figure 11. Some typical combinations of two propellant grains in a rocket motor. 
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4.2 Grain Design Concept 


The selection of propellant for a specific re- 
quirement for a practical rocket motor design is 
based on the specific impulse, combustion tem- 
perature, exhaust products and the relationship 
of burn rate and pressure. This includes the 
value of the pressure exponent and temperature 
sensitivity of burn rate. The burn rate is in- 
creased by the cross-flow in the port of the in- 
ternal burning grain, the so-called erosive burn- 
ing. In the case of aluminized propellants, the 
local burning rate of the burning surface of an 
internal burning grain is increased under a cen- 
trifugal acceleration. Furthermore, an oscilla- 
tory burning occurs in a rocket chamber when 
the bum rate response of the propellant is 
matched to the acoustic mode of the free vol- 
ume of the chamber. These combustion phe- 
nomena must be examined prior to the practical 
grain design.'*'°! 


Once a propellant is chosen, the following 
three parameters are taken into account for the 
propellant grain design: 


1) Burning area versus burning distance (also 
referred to as “web thickness”) 


2) Mechanical stress analysis 
3) Anti-aging analysis 


The thrust versus burning time requirement 
is obtained by the selection of the propellant 
grain combinations or the perforation of the grain 
shape.!° *! Since the propellant grain in a rocket 
chamber encounters various mechanical stresses 
from the high axial and/or radial acceleration or 
by the temperature change of the grain, a me- 
chanical stress analysis 1s required. If the rocket 
motor is used even after a decade, an anti-aging 
analysis is required to maintain its design per- 
formance. 


4.3 Selection of Propellants 


A propellant composed of ammonium per- 
chlorate (AP) as the oxidizer and hydrocarbon 
polymer as the fuel component is the so-called 
“AP composite propellant” and is commonly 
used. Hydroxyl-terminated polybutadiene (HTPB) 
or carboxyl-terminated polybutadiene (CTPB) is 
used as a fuel component and as a binder to ad- 
here to the AP particles to form a propellant 
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grain. AP composite propellants are widely used 
for space launch rockets and missile rockets 
because of their wide range of burning rate 
characteristics, relatively safe production, low 
sensitivities to friction and mechanical shock, 
and low production cost. The mechanical prop- 
erties such as stress strength, elongation, and 
elasticity are chosen based on the required bal- 
listic characteristics. The burning rate charac- 
teristics expressed by equation 23 are managed 
by the choice of AP particle sizes, solids loading 
and burn rate catalysts. When a high burning 
rate is needed, small AP particles are used. Fur- 
thermore, the burning rate is increased by the 
addition of a small amount of iron oxide (e.g., 
1% Fe,O3) and is decreased by the addition of 
lithium fluoride (e.g., 1% LiF). 


The specific impulse defined in equation 26 
is increased by the addition of fine aluminum 
powder to AP composite propellants, for exam- 
ple, J,, is increased about 7 % by the addition of 
15% Al. However, large amounts of white smoke 
are formed as combustion products from the 
formation of aluminum oxide (A1,O3) particles. 
Though the exhausted white smoke does not 
interfere with any application of space launch 
rockets, it must be eliminated from tactical 
rockets to avoid detection of the launch sites or 
ballistic trajectories. When no aluminum parti- 
cles are added to AP composite propellants, no 
generation of solid particle white smoke occurs. 
This class of AP composite propellants is called 
“reduced smoke propellants” and is used for 
air-to-air missiles and surface-to-air missiles. 
However, when the humidity in the atmosphere 
is much above 70% or the temperature in the 
atmosphere is much below 250 K (—23 °C), 
white smoke is generated by the hydrogen chlo- 
ride (HCl) produced by the AP particles used as 
the oxidizer. The hydrogen chloride exhausted 
from rocket nozzles into the atmosphere acts as 
nuclei to form water mists with the high humid- 
ity of the atmosphere or reacts with water from 
the combustion products after exhausted to a 
low temperature atmosphere. 


If one requires smokeless exhaust gas—even 
under high humidity conditions—double-base 
propellants or ammonium nitrate (AN) based 
composite propellants are used. Since these pro- 
pellants are composed of halogen-free ingredi- 
ents, no visible smoke is formed even when the 
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humidity in the atmosphere is high. Since dou- 
ble-base propellants are composed of nitrate 
esters such as nitroglycerin and nitrocellulose, 
the cost of production is relatively high and the 
mechanical properties are inferior to AP com- 
posite propellants. The disadvantage of using 
AN as an oxidizer is that the specific impulse is 
low and strict humidity control is needed during 
the production process because of the hygro- 
scopic nature of AN. 


5. Design of Rocket Motor Case and 
Thermal Protection 


5.1 Size and Shape of Rocket Motor Case 


The chamber of a rocket motor case is used 
as the container for a propellant grain and is 
also used to burn the propellant grain under 
conditions of high pressure and high tempera- 
ture. The size of the chamber is determined by 
the volume of the propellant grain required to 
generate the total impulse. The chamber pres- 
sure in the motor is given by the required thrust 
and the nozzle throat area as 


F 
cA, 


PP. 


The thickness of the chamber wall is deter- 
mined by the size and the mechanical properties 
of the material used for the motor case. Al- 
though the combustion pressure changes during 
burning due to the changing burning surface 
area of the propellant grain, the wall thickness 
must be determined by the maximum chamber 
pressure Pema, during burning. In addition, a 
safety margin of the wall thickness must be 
taken into account, for example, 1.2 * De ma. 


In general, rocket motor cases are cylindri- 
cal and slender in shape. This is because of the 
reduction of aerodynamic drag during flight and 
the cost reduction of the machining process of 
the case materials. The ratio of the diameter to 
the length is determined by the flight dynamics 
of the rocket projectile. 


In the case of outer atmospheric flight aero- 
dynamics, drag is not considered. Spherical 
shaped motor cases are used for the upper stage 
of space rockets to gain advantage of the mini- 
mized wall thickness at a given combustion 
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pressure. However, the cost of production is 
much higher as compared to cylindrical motor 
cases. 


5.2 Materials Used for Motor Cases 


Many types of materials are used for the 
rocket motor cases.!*7*! Modern rocket motors 
are made of carbon composite materials whose 
mechanical properties are superior to those of 
metals. However, the cost of these materials is 
relatively high unless there is mass production 
as for small motors and very large motors such 
as space rocket boosters and ICBM rocket mo- 
tors. Medium-sized motors such as _ air-to-air 
missiles and anti-tank missiles are made of steel 
or titanium alloy because of the effectiveness of 
the ratio of mechanical strength to density. This 
is evident from the mechanical strength and 
elongation characteristics of the materials. 


For commercial use of rocket motors such as 
the launch of hobby rockets, shell bursts for 
fireworks, life-saving signal rockets, and light- 
ning-earth rockets, the motor cases are made of 
paper or plastic. The advantages of these mate- 
rials are greater safety when the empty motor 
case falls to the ground after burnout and low 
production cost. However, a high safety margin 
for wall strength must be taken into account to 
avoid any unexpected manufacturing or material 
irregularities from the hand-made motor cases. 


5.3 Thermal Protection 


Since the combustion temperature in rocket 
motors is typically greater than 2000 K, the 
chamber wall should be protected from heat. The 
temperature of the interior of the propellant grain 
remains at the initial temperature of the grain in 
an operating motor until the burning surface 
approaches. Thus, the chamber wall is isolated 
from the combustion zone temperatures as long 
as the wall is covered by the propellant grain. 


However, when a part of the propellant grain 
is burned completely, the interior wall surface 
is exposed to the high temperature combustion 
gas. Then, the wall is thermally eroded and can 
be burst by the combustion pressure. To protect 
the casing from the combustion gas, a heat in- 
sulating material is added to the interior surface 
of the chamber wall. The heat insulting material 
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typically consists of rubber sheets that are ad- 
hered to the chamber wall. The propellant is then 
cast into the chamber (direct cast method) or 
the propellant grain is inserted into the chamber 
(freestanding method). An important parameter 
for the direct case method is to assure the com- 
plete adhesion between the insulation and the 
propellant after curing of the propellant. 


The thickness of the insulation depends on 
the duration of exposure to the combustion gas 
and on the location within the chamber. When 
the propellant grain is of an end-buming ge- 
ometry, the aft (nozzle) end of the insulation is 
exposed from ignition to burnout. Thus, a thicker 
sheet of insulation is needed at the nozzle (aft) 
end. 


6. Design of Nozzle 


6.1 Size and Shape of Nozzle 


Rocket nozzles are used to convert the 
low-velocity combustion gases in the chamber 
to high velocity exhaust through thermody- 
namic processes. In other words, conversion is 
through expansion. Once the chamber pressure 
pP- and the nozzle throat area A, are determined, 
the expansion ratio ¢ defined by the area ratio 
of the nozzle exit area A, and A, is determined 
thermodynamically. The thrust coefficient Cr, 
defined by equation 29, indicates the efficiency 
of the nozzle. The maximum thrust coefficient 
Crmax 18S determined by the chamber pressure p, 
and the atmospheric pressure p,. The optimum 
expansion ratio €,,4, increases because p, de- 
creases with altitude. Chamber pressure p, is 
unaffected by anything past the throat of the 
rocket motor. 


During the process of nozzle design the 
nozzle throat area (A,) is determined first based 
on the thrust requirement, and then the nozzle 
exit area (A,) is determined to gain an optimum 
expansion ratio. It is evident that the shorter the 
length of the nozzle, the lower the nozzle mass. 
The convergent nozzle angle is larger than the 
divergent nozzle angle because of the subsonic 
flow and the decreasing pressure along the noz- 
zle wall towards the throat of the nozzle. Thus, 
no flow separation in the boundary layer occurs 
from the convergent nozzle wall. 
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On the other hand, the divergent nozzle an- 
gle is important to gain a smooth pressure gra- 
dient and to minimize the friction loss caused 
by the nozzle wall and the supersonic exhaust 
gas flow. In general, the expansion angle is lim- 
ited to approximately 30° to gain smoothly ex- 
panded gas flow, to minimize the friction loss 
of the supersonic flow, and to limit vector 
losses in the nozzle. The convergent and diver- 
gent parts of the nozzle are connected at the 
nozzle throat. (See Figure 3.) 


When the pressure at the nozzle exit (p,) is 
higher than the local atmospheric pressure (p,), 
the nozzle is considered to be under-expanded, 
and when p, is smaller than p,, the nozzle is 
considered to be over-expanded. The specific 
impulse (/,,) is less for both cases when com- 
pared to the optimum expansion ratio as shown 
in equation 26. When the trajectory of a rocket 
projectile varies from a low altitude to a high 
altitude, the atmospheric pressure decreases as 
the altitude increases. As a result, the nozzle 
expansion ratio must be altered to gain an op- 
timum expansion ratio as long as the combus- 
tion pressure remains constant. Since the ge- 
ometry of a conventional nozzle is fixed, the 
optimum expansion is set for a specific altitude 
and chamber pressure. 


6.2 Materials Used for Nozzle 


Since rocket nozzles are exposed to high 
temperature and high velocity combustion gas 
during propellant burning, the heat flux from 
the gas to the nozzle wall is significantly higher 
than in the combustion chamber. The maximum 
heat flux is at the nozzle throat (approximately 
2 MW/m° for conventional AP composite pro- 
pellants). In addition, the mechanical stress act- 
ing on the interior surface of the nozzle is ap- 
proximately 10MPa for a typical ground 
launched rocket motor. 


As shown in equation 28, the nozzle throat 
(A,) is an important parameter to attain an ex- 
pected performance of thrust versus time for 
operation. A change of A, (throat erosion) 
changes p. and then cr, which changes F sig- 
nificantly. To avoid the change in A,, high tem- 
perature resistant materials are used not only for 
the nozzle throat but also in the convergent and 
divergent parts of the nozzle. Typical and con- 
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ventional materials used for nozzles are graph- 
ite and carbon because the combustion products 
of solid propellants are generally fuel rich gases 
and graphite and carbon are not oxidized by the 
gas flow. High-density graphite is commonly 
used for modern rocket motors to resist not only 
these high temperatures but also erosion by 
sonic or supersonic flow. The density of a 
graphite nozzle for practical applications is ap- 
proximately 1.9 x 10° kg/m’. The high-density 
graphite also protects the casing from me- 
chanical damage from the thermal shock during 
the ignition stage. When the heat flux is much 
higher, the nozzle surface is damaged and A, 
increases. Also, ceramics such as aluminum ox- 
ide or zirconium oxide can be coated on the 
interior surface of the nozzle by a plasma torch. 
[Note: Aluminized propellants form an alumi- 
num oxide coating on the throat, especially at 
and just after ignition, which reduces A,.] 


When the size of a motor case is small (less 
than about 50 mm in diameter), the size of the 
nozzle is also small. In this instance, the con- 
vergent and divergent parts of the nozzle, in- 
cluding the throat, are made of graphite. The 
mechanical stress acting on the interior surface 
of the nozzle is not high because the interior 
diameter is small. However, the mechanical 
stress increases as the diameter of the throat 
increases, and graphite becomes insufficient to 
protect the nozzle from damage. In general, a 
larger nozzle is separated into three parts (1.e., 
convergent, throat, and divergent). Since the 
heat flux and the flow velocity at the conver- 
gent and divergent parts are relatively small 
when compared to the throat, glass fiber rein- 
forced plastics (GFRP) with phenolic or epoxy 
resin are commonly used for the other parts. An 
ablative process due to the melting and gasifi- 
cation of the glass fibers and plastic resins of 
GFRP effectively act to protect the nozzle from 
high heat flux. 


Carbon fiber reinforced plastics (CFRP) with 
various types of plastic resins are also used for 
the convergent and divergent parts. Though no 
ablative effect is expected for the carbon fibers 
of CFRP, the superior heat resistant properties of 
the carbon fibers protect the parts from heat and 
gas flow. In addition, the mechanical properties 
of CFRP, such as stress strength and density, are 
superior to those of GFRP. When reduction of 
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the nozzle mass is an important parameter to 
obtain high performance of rockets such as a 
third of a four-stage motor used at high altitude, 
carbon-carbon (C/C) is used for the nozzle sys- 
tem including convergent, throat, and divergent 
parts. Though C/C is the best material for 
rocket nozzles, at present time, the cost of C/C 
is extremely high and the application is highly 
limited. 


7. Design of Igniter 


7.1 Ignition Transient 


An igniter is used to ignite the surface of the 
propellant grain set in a combustion chamber. 
When an igniter is operated, hot gas and/or par- 
ticles are applied to the surface of the propellant 
grain in the combustion chamber. The ignited 
surface generates high temperature combustion 
gases and the chamber pressure increases. The 
ignited surface area increases along the grain 
surface. During this ignition process, the burn 
rate is not given by equation 23, which is only 
effective for steady state burning. 


The ignition process of the propellant grain 
includes the temperature rise of the grain sur- 
face, heat conduction into the grain, gasification 
at the surface, and production of sufficient gases 
to raise the chamber pressure. When the igniter 
charge, the so-called “pyrolant” (pyrogen) 
—which is an energetic material—burns, this 
causes a spike in the pressure. This results in a 
rapid onset and decay that can “shock” the sys- 
tem, possibly causing failures. In addition, the 
heat flux generated by the pyrolant must be 
enough to ignite the grain surface, enabling the 
pressure of steady-state combustion to be 
reached within a required short duration. 


The ignition transient depends on the type of 
pyrolants and propellants. Two types of pyro- 
lants are used for igniters: high volume gas pro- 
ducing and high temperature particle producing. 
Black Powder produces more gaseous products 
than pyrolants composed of metallic particles 
and crystalline oxides. Since the chamber pres- 
sure of a double-base propellant rocket motor 
requires more than 4 MPa to reach steady-state 
combustion, Black Powder is often used as a 
pyrolant for this class of rocket motors. 
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On the other hand, composite propellants, 
such as ammonium perchlorate or ammonium 
nitrate-based composite propellants, require high 
heat flux to raise the burning surface tempera- 
ture and to gasify the grain surface. High tem- 
perature hot spots are made on the grain surface 
when metal particles are used as a component 
of pyrolants. The metal particles are oxidized 
by the other components, crystalline oxidizers, 
generating high temperature hot spots dispersed 
on the grain surface. The grain surface at each 
hot spot is ignited by the heat conduction from 
the hot spot and the burning area spreads along 
the entire grain surface. 


The heat flux that must be applied to a pro- 
pellant grain surface for ignition is dependent 
on the chemical ingredients, the physical shape 
of the grain and the type of igniter ingredients. 
In general, high pressure is needed for the igni- 
tion of double-base propellant grains in a rocket 
motor. The minimum pressure is approximately 
4 MPa to reach a steady state burning to satisfy 
the mass balance relationship given by equa- 
tion 21 since the combustion temperature of 
double-base propellants decreases rapidly be- 
low 4 MPa. The mass discharge rate m, given 
by equation 19 increases more than expected if 
one assumes Cp given by equation 20 is constant. 
The mass discharge coefficient Cp increases as 
pressure decreases. 


Since AP composite propellants burn stably 
even below 0.1 MPa and the temperature of the 
combustion products is relatively independent 
of pressure, Cp remains constant throughout ig- 
nition pressure to the steady-state pressure. 
When even a part of the grain surface is ignited, 
the burning surface increases due to the flame 
spreading phenomena along the grain surface, 
and the chamber pressure increases until the 
pressure reaches the steady-state pressure given 
by equation 24. 


Since AN particles mixed within an AN 
composite propellant decompose endothermi- 
cally, a high heat flux is needed to gasify the 
AN particles. Furthermore, the AN particles melt 
and form a molten layer on the burning surface 
of the propellant and absorb much energy to 
generate combustible gas for ignition. Accord- 
ingly, the ignitability of AN composite propel- 
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lants appears to be inferior to that of AP com- 
posite propellants. 


7.2 Pyrolants Used for Igniter 


The typical materials used for the pyrolants 
of igniters are the physically mixed particles of 
boron and potassium nitrate (B-KN), zirconium 
and ammonium perchlorate (Zr-AP), and mag- 
nesium and polytetrafluoroethylene (Mg-TF). 
The particles of boron (B), zirconium (Zr), or 
magnesium (Mg) are oxidized to produce their 
oxides, and they generate high temperature par- 
ticles. These particles are showered onto the 
igniting surface of the propellant grains. 


Although boron particles are not metal par- 
ticles, they act like metal particles similar to alu- 
minum, zirconium, or magnesium. When boron 
particles are oxidized by the gaseous nitrogen 
oxides produced by the thermal decomposition 
of crystalline potassium nitrate (KNO3) parti- 
cles, high temperature (greater than 4000 K) 
boron oxides are formed. Similar to boron par- 
ticles, zirconium particles are oxidized by the 
gaseous perchloric acid produced by the ther- 
mal decomposition of crystalline ammonium 
perchlorate (NH4C1O,) particles. 


Polytetrafluoroethylene (TF) is a polymeric 
material that produces fluorine (F2) gas when it 
thermally decomposes. The fluorine gas oxidizes 
the magnesium particles to produce magnesium 
fluoride (MgF;) particles that are agglomerated 
during the process of the oxidation reaction. 
High-temperature (greater than 3500 K) parti- 
cles are showered onto the propellant grain sur- 
face. The hot particles of boron oxide, zirco- 
nium oxide, or magnesium fluoride act as hot 
spots to transfer heat to the grain surface and 
gasify the propellant ingredients. Once thermal 
gasification occurs on the propellant grain sur- 
face, an exothermic reaction proceeds to ignite 
the gases and the pressure in the rocket cham- 
ber rises. 


The pyrolants are ignited indirectly by very 
thin wires that are electrically heated. These 
wires are made of platinum or other electrically 
resistive metals of about 30 wm in diameter. 
When an electric current is applied to the wires, 
heat is generated due to the electric resistance 
of about 400 Q/m. Generally, the platinum wires 
are coated with mixtures of nitrocellulose, po- 
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tassium perchlorate (KC1O,), and fine metallic 
particles whose mixture is first ignited, and then 
the heat produced by the combustion of the 
mixture ignites the pyrolants successively. 


The pyrolant and hot wires are set an igniter 
case that is made of a metal or plastic material. 
A number of holes are made on the side of the 
case wall to shower the burning hot gas and 
particles on the surface of the propellant grain. 
For large rocket motors, such as the space shut- 
tle booster or an ICBM rocket motor, ignition is 
accomplished by using a small rocket motor 
that is attached at the top end of the inside of 
the motor. Once the small motor is ignited, the 
exhaust gas from the nozzle ignites the large 
interior surface of the propellant grain. 


8. Combustion Phenomena ina 
Rocket Motor 


Combustion in a rocket motor includes vari- 
ous phenomena such as ignition transient, flame 
spread, erosive burning, oscillatory burning, 
unstable burning, and burning interruption.!"*! 
These phenomena are highly dependent on the 
physicochemical properties of propellant grains. 


8.1 Erosive Burning 


Erosive burning occurs at an early stage in 
the burning of a propellant grain when the 
cross-sectional area of the gas flow channel 
inside the grain, the so-called “port area”, is a 
value close to that of the nozzle throat area. 
When the port area is equal to the nozzle throat 
area, the flow velocity at the aft end of the grain 
reaches sonic velocity (i.e., 300 m/s at normal 
temperatures, which varies with flame tem- 
perature, pressure and composition). Since the 
heat flux transferred back from the gas flow to 
the burning grain-surface increases when the 
cross-flow velocity is high, the burn rate of the 
grain increases compared with that of no gas 
flow. The burn rate expressed by equation 23 is 
no longer valid. As the port area increases, the 
cross-flow velocity decreases and the erosive 
burning effect diminishes.!'”! 


When erosive burning occurs, the pressure 
in the combustion chamber increases. The in- 
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creased pressure increases the burn rate that is 
given by equation 23. It is important to take in 
to account the increased pressure of erosive 
burning to obtain a required thrust versus burn- 
ing time relationship. 


8.2 Stable and Unstable Combustion 


An oscillatory burning occurs in the cham- 
ber when a standing wave is established be- 
tween the facing grain-surfaces or between the 
fore-end and aft-end of the chamber. The stand- 
ing pressure wave in the chamber enhances the 
burn rate of the propellant grain. The oscillatory 
frequency is dependent on the size of the inter- 
nal port of the grain or the length of the motor. 
No oscillatory burning is observed when an end- 
burning-type grain is used. When the oscillatory 
mode is resonated to the burn-rate mode of the 
propellant grain, the overall mass-burn-rate is 
increased, and then the pressure in the chamber 
is increased drastically.!"7! 


Figure 12 shows the cross-section of an ex- 
tinguished propellant grain obtained from a 
nozzle separation.''”! The nozzle separation was 
caused by the increased pressure that was the 
result of an irregular burning. The grain was a 
six-pointed star shaped composition of AP/HTPB 
propellant. Immediately after the grain was ig- 
nited, at 0 seconds, the chamber pressure in- 
creased as expected as shown in the measured 
DC pressure curve. However, a strong peak of 
AC pressure was generated at ¢, seconds after 
ignition. The extinguishing of the propellant 
occurred due to the rapid pressure decay. The 
cross-section of the grain after being extin- 
guished at time ¢, seconds was the same shape 
as expected at the steady state burning. The re- 
sults indicate that the resonant burning occurs 
with a specific grain shape. 


When a small quantity of solid particles such 
as aluminum or zirconium was added to the pro- 
pellant grain, no pressure peaks were generated 
and a steady state burning was conducted until 
the propellant grain was completely consumed. 
The solid particles absorb the energy of oscilla- 
tion and damp the observed oscillatory combus- 
tion when the generated oscillation is in the 
range of acoustic mode, approximately 500 Hz. 
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AC Pressure 


DC Pressure 


Before Combustion After Extinguishment 
at Time 0s at Time t, s 


Figure 12. DC and AC pressures in a rocket 
combustion chamber and cross-sections of the 
propellant grain before combustion and after 

being extinguished. 


When a high-pressure oscillation is induced 
along the radial axis of the chamber, a rod can 
be set in the center axis of the port of the grain 
to alter the resonance acoustic mode of the ra- 
dially directed oscillation. The rod is made of a 
ceramic-coated metal to protect against the high 
temperature combustion gas in the chamber. 


When a low-frequency oscillation is induced 
along the axis of the chamber, physical separa- 
tion of propellant grain by some insulation acts 
effectively to change the oscillatory mode. 


When a non-acoustic mode of oscillation 
occurs, no oscillatory damping effect is accom- 
plished by the addition of metal particles be- 
cause the size of the particles is much smaller 
than the traveling oscillatory wavelength. How- 
ever, the burning grain acts as a damping mate- 
rial if the shape of the grain is chosen to absorb 
the traveling pressure wave adequately. 
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8.3 Combustion under Centrifugal 
Acceleration 


A spinning motion along the axis of a rocket 
projectile is provided to stabilize the vehicle 
and improve the flight trajectory. The spinning 
motion is created aerodynamically either by the 
fins attached to the projectile or by the nozzle 
fins attached to the interior surface of the noz- 
zle, similar to thrust vector control fins. The 
centrifugal acceleration caused by the spinning 
motion affects the burn rate of the propellant 
grain, and then the thrust versus burning time is 
varied as compared to the case of no centrifugal 
acceleration.|”!°! 


The combustion gas in the port of an internal 
burning grain flows along the burning surface 
towards the nozzle when no centrifugal accel- 
eration is given. When a centrifugal accelera- 
tion is given, a pressure gradient towards the 
radial direction in the port is created and then 
the burn rate is increased by the increased 
pressure at the port surface of the grain. How- 
ever, the effect of the centrifugal acceleration is 
trivial when the combustion products are only 
gaseous species. 


When aluminum particles are added to a 
propellant grain, molten aluminum agglomer- 
ates are formed on the burning surface under 
the centrifugal force.''°! This agglomeration 
process occurs due to the higher density of the 
molten metal particles than that of gaseous 
products. The size of the molten agglomerates 
increases as the burning of the propellant grain 
proceeds. Since the temperature of the molten 
agglomerates is high, the heat flux transferred 
from the agglomerates to the burning propellant 
surface increases. Accordingly, the local burn 
rate of the propellant increases and then a num- 
ber of pits are formed on the burning surface. 


Combustion tests of an AP/CTPB composite 
propellant-grain were conducted using a spin- 
ning rocket motor.'! The propellant consisted 
of 76.8% AP, 15.0% CTPB and 8.2% aluminum 
particles. The aluminum particles were 48 um 
in diameter. The burning tests were conducted 
at 4 MPa under the centrifugal acceleration of 
60 g. Burning interruption tests were done by 
nozzle separation during burning. When a tu- 
bular shaped grain was extinguished, pits were 
formed non-uniformly on the whole surface. 
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However, when a 6-pointed star-shaped grain 
was burned, pits were formed along the six 
points of the star as shown Figure 13. In addi- 
tion, the burning surface area increased due to 
the formation of the pits. As a result, the pres- 
sure in the rocket motor was further increased 
corresponding to the relationship given by equa- 
tion 24. 


9. Design of Two-Stage Motors with 
Two Propellant Grains in One 
Chamber 


9.1 Mass Balance of Booster Phase 


To attain high thrust ratio of the booster and 
sustainer stages, two different propellant grains 
are combined in a single combustion chamber 
and burned simultaneously. Figure 14 shows a 
typical thrust or pressure versus burn time of a 
two-stage motor with two propellant grains 
(Propellant D and Propellant C) that burn in a 
single chamber. Propellants D and C burn si- 
multaneously to create the booster phase with 
Propellant D being completely consumed in the 
booster phase. Then Propellant C, which remains 
after the booster phase, burns continuously to 
create the sustainer phase. 


I Phase 


Propellant D 


Thrust or Pressure 


& 


I I 
'€- Booster -><—————-__ Sustainer. ——————_> 
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Figure 13. An extinguished burning surface of 
a six-pointed star-shaped aluminized AP/CTPB 
propellant grain.” Many pits are formed along 
each point of the star. 
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Propellant C 


Burn Time 


Figure 14. A two stage motor with two propellant grains in a single motor to create booster and 


sustainer phases. 
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Figure 15. Mass balance in a rocket motor in which two propellant grains burn simultaneously to 
create the booster phase and one of propellant grain continues to burns to create the sustainer phase. 


Figure 15 shows the mass balance in a 
rocket motor in which two propellant grains 
burn simultaneously during the booster phase 
and the one-grain that continues burning during 
the sustainer phase. If one assumes that the lin- 
ear burning rates of Propellants D and C are 
given by 


ry =apyp’” for Propellant D (39) 
to =acp”™ for Propellant C (40) 
then the mass generation rates (m, for Pro- 


pellant D and m, for Propellant C) at pres- 


sure p are given by 


Ti, =4pP,, p” 4A, for Propellant D (41) 


i =4P,, p” A, for Propellant C (42) 


where the subscripts D and C denote Propel- 
lants D and C, respectively. The mass discharge 


rate m, during the booster phase is given by 


My, = Cp, A,P (43) 
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As shown in Figure 15, the mass balance at the 
booster phase is expressed by the use of equa- 
tion 21 as 


ms, =M, +m, (44) 


Substituting equations 39 to 43 into equa- 
tion 44, one can determine the nozzle throat 
area A; as 


1 Np- No 
A, =—(4pP p, P . ‘A, +acP,.P 'A,.] (45) 
Dz 


As shown in equation 20, cp, is determined by 


the combustion temperature T,, molecular mass 
M,, and specific heat ratio y of the combustion 
product. Since two different types of propel- 
lants burn simultaneously in a single chamber, 
the physical properties of the combustion prod- 
ucts are not the mass averaged values of Pro- 
pellants D and C. Both combustion products 
react with each other to produce an equilibrium 
combustion product as long as the reaction time 
in the chamber is sufficient. These physical 
values can be determined theoretically by the 
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use of NASA SP-273 computer code!'*! if one 
can provide the mass fractions and the chemical 
compositions of both Propellant D and Propel- 
lant C. 


9,2 Mass Balance of Sustainer Phase 


After burnout of the Propellant D grain in 
the booster phase, the remaining Propellant C 
grain continues to burn to create the sustainer 
phase. Since the nozzle throat area is the same 
as in the booster phase, A,, determined by equa- 
tion 45, the ratio of A, /A, = K,, decreases rapidly 
and the pressure in the chamber decreases. As 
shown in Figure 15, the mass generation rate of 
Propellant C at the sustainer phase is given by 


mi =Uupy, p” A, for Propellant C (42) 


On the other hand, the mass discharge rate at 
the sustainer phase (7m,  ) is given by 


M4, Cp, Ap (46) 


where cp is determined using equation 20 


adapted to the physical values of Propellant C. 
The mass balance is given by m, =m, at the 


sustainer phase and is given by combining equa- 
tions 42 and 46 as 

cp Ap= AP, P™” A,. (47) 
The equilibrium chamber pressure at the sus- 
tainer phase (p,.) is determined by the use of 


equation 24 as 


a.p Te a 
Pe, -|*8ets (48) 
Cp, 
where K, is given by 
4 (49) 
Ns A 


The burning surface area at the sustainer phase 


(A,, ) becomes equivalent to the burning sur- 


face area of A, after burnout of the booster 


phase. 


Pyrotechnic Chemistry 


Chapter 12 — Page 19 


9.3 Design of Propellant Grains 


An example of a practical design require- 
ment of thrust versus burn time is shown in 
Figure 16 for a two-stage motor composed of 
two grains in a single combustion chamber. The 
booster phase thrust (Fs) is 800N and the 
burning time (¢, ) is 1.0s; the sustainer phase 


thrust (F's) is 85 N and the burning time (¢,  ) is 


27s. The transient time of 0.3s from the 
booster phase to the sustainer phase is included 
in the booster phase. Since the maximum 
chamber pressure is in the booster phase, the 


chamber pressure at the booster phase ( P, ) is 


chosen to be 11.0 MPa for the design booster 
pressure. This booster chamber pressure is as- 
signed by the choice of the chamber wall 
thickness and the strength of the material. 


i<-~ 1.05 >!<—— 27s ——_>! 


, Booster '_ Sustainer Phase —>! 


Phase 


Thrust (N) 


Burn Time (s) 


Figure 16. Thrust versus burning time 
requirement of a two-stage motor. 


It is assumed that the convergent-divergent 
nozzle is designed to obtain an under expansion 
from p,, to atmospheric pressure p, equal to 
0.1 MPa. This is because the nozzle is used not 
only for the booster phase but also for the sus- 
tainer phase. Thus, the thrust coefficient c, at 


the booster phase is determined to be 1.52 
based on equation 29. 


Using equation 28 one can get the nozzle 
throat area as 
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Figure 17. Burning rates of Propellant D and Propellant C as a function of pressure. 


i ee eae ae 
Cr,P., 1.5211.0 


The chamber pressure at the sustainer phase 


( P.,) is also determined by the use of equa- 


tion 28 as 
P. = a = =1.37 MPa 
* ¢pA 1.30x47.8 


where c, is determined to be 1.30 because the 


nozzle expansion ratio is considered to be a close 

value of an optimum expansion of the noz- 
[11,12] 

zle. 


Accordingly, the design of the propellant 
grains used for the booster and sustainer phases 
is conducted at 


P,, =11.0 MPa 
P.,=1.37 MPa 


A, =47.8 mm 


The burn rate characteristics of Propellants D 
and C are shown in Figure 17. The physico- 
chemical properties of the propellants are 
shown in Table 1.''''7! The pressure exponent 
(n) of Propellant D changes from 0.81 below 
8.0 MPa to 0.18 above 8.0 MPa. The burn rate 


Table 1. Physicochemical Properties of Propellant D and Propellant C. 


Property, Symbol (Units) 
Density, pp (kg/m”) 


Pressure exponent, n 


Burn rate constant, a 


Specific heat ratio, y 
Nozzle discharge coefficient, Cp (s') 
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Propellant D Propellant C 


7.38 x 10° 9.10x 10° 
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(r) of Propellant C is extremely low to attain a 
low pressure burning and a long burning time 
(t,). In addition, the combustion temperature 
(T,) of Propellant C is low enough to protect 
against nozzle-throat erosion. 


The burning area of the grain of Propel- 
lant C is determined by using equation 47 as 


A 


— Cp, t 
acP,,.P" (50) 

_ 910x107 x47.8 
0.032X1.57X107 X1.37°"! 


=4,20x10* mm? 


be 


Using equations 41 to 45 plus combustion tem- 
perature, 7,, radius of curbature, R,, and spe- 
cific heat ratio, y , obtained by NASA SP-273,""! 


Cp, and A, are determined to be 


Propellant 


Figure 18. Geometrical propellant-grain 
shape of Propellant D. Note “R” refers to the 
radius of curvature. 
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Cp, = 744x107 s 


and the burning area of Propellant D is deter- 
mined to be 
A, =1.15x10° mm’* 

Based on the required thrust versus burning 
time, the geometrical grain shapes are those 
shown in Figure 18 for Propellant D and in 
Figure 19 for Propellant C. The shape of the 
Propellant D grain is a wagon-wheel type, in- 
ternal-burning shape, and the side and both 
ends are insulated with rubber sheets. The shape 
of the Propellant C grain is a star-type, internal 
and one-end burning shape, and the other end 
and the perimeter are insulated with rubber 
sheets. The relationship between the burning 
area and the regressing grain from the initial 


Propellant 


N \ End Side 
Insulation Insulation 
Figure 19. Geometrical propellant-grain 


shape of Propellant C. Note “R” means the 
radius of curvature. 
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surface is shown in Figure 20 for both Propel- 
lant D and Propellant C grains. 


Burning Area (m7?) 


0 8 16 24 32 
Burning Distance (mm) 


Figure 20. Relationship of burning area and 
regressing grain distance (web thickness 


consumed) of Propellant D and Propellant C. 
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9.4 Firing Test Results 


Both grains, Propellants D and C, are set in 
a heavy weight rocket motor for static firing 
tests as shown in Figure 21. A pyrotechnic ig- 
niter, which is ignited electrically, is attached at 
the head end of the rocket motor, and a conver- 
gent-divergent nozzle is attached at the rear end 
of the motor. Pressure in the motor is measured 
with a pressure transducer gauge attached to the 
head end of the motor. Thrust is measured with 
a load-cell set in the thrust bench on which the 
rocket motor is set. 


Figure 22 shows a pressure versus burning 
time curve of the rocket motor shown in Fig- 
ure 21. The experimental curve agrees with the 
theoretical curve except for the increased pres- 
sure of 1.8 MPa at the booster phase. The 
burning time of the sustainer phase decreased 
about 0.6 s due to the excess burning of Propel- 
lant C during the booster phase. This observed 
excess burning of Propellant C during the 
booster phase is considered to be an effect of 
erosive burning, which occurs during high cross 
flow along the burning surface of Propellant C. 


Side 
Insulation 


Nozzle 


O Ring 


Figure 21. A structure of the two-stage heavy-weight motor with Propellant D and Propellant C 


grains in a single chamber. 
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Figure 22. Theoretical and experimental 
results of pressure versus burning time of the 
two-stage motor with two propellant grains in 
one single chamber shown in Figure 21. 


To examine the erosive burning effect on the 
burning rate of Propellant C, a burning inter- 
ruption experiment was performed. One second 
after ignition of the rocket motor, the nozzle 
attached at the end of the rocket motor was 
separated. The chamber pressure decreased rap- 
idly to atmospheric pressure (0.1 MPa). The 
Propellant D grain was completely consumed, 
but Propellant C grain remained. Figure 23 shows 
the cross-sectional star shaped Propellant C grain 
before combustion (a) and after it was extin- 
guished (b) at the time of the Propellant D burn- 
out. These results indicate that the burning rate 
of Propellant C increased about 7 % due to the 
erosive burning effect. This is confirmed by the 
pressure versus time plot shown in Figure 22. 


Summary 


The performance of a rocket motor is de- 
pendent on the physicochemical parameters of 
propellants such as burning rate, pressure ex- 
ponent, temperature sensitivity, and the physi- 
cal shape of the propellant grain. The thrust 
required for the rocket motor is determined by 
the required flight trajectory and by the aero- 
dynamic drag that acts on the rocket projectile. 


The thrust is dependent on the combustion 
pressure and the nozzle throat area that are de- 
termined by the mass generation rate and the 
mass discharge rate. A two-stage- rocket motor 
is attained by the combination of two different 
types of propellant grains in the combustion 
chamber. 
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Figure 23. Cross-sectional star-shaped grain 
of Propellant C before combustion (a) and after 
being extinguished (b) one second into the 
burn. 
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ABSTRACT 


Pyrotechnically generated sparks are proba- 
bly the earliest augmentation of pyrotechnic 
burning for entertainment. While much is known 
about spark production both scientifically and 
as a craft, new effects and enhancements con- 
tinue to be made. This review article presents a 
summary of the basic science of incandescent 
bodies, which establishes the range of possibili- 
ties for sparks as well as their limitations. This 
is followed by a discussion of the pyrotechnic 
production of carbon and metal sparks, includ- 
ing control of spark duration and color. Fi- 
nally, there are limited discussions of the con- 
trol of corrosion of metal spark materials and 
the control of spark branching. 


Introduction 


The intentional production of pyrotechnic 
sparks contributes significantly to the beauty 
and spectacle of fireworks and was developed 
very early in the history of pyrotechnics. An 
early example of the use of sparks is the “fire- 
club” carried by the “green-man” (originally also 
called the “wild-man”) shown on the title page 
of the second volume of John Bate’s Book Mys- 
teries of Nature and Art.''! (See Figure 1.) 


Upon first consideration, the production of 
attractive spark effects may seem trivial; simply 
add an amount of some spark producing mate- 
rial to a basic pyrotechnic composition. For ex- 
ample, when titanium is added to rough Black 
Powder and pressed into comets, attractive white 
sparks can be produced (see Figure 2). How- 
ever, upon closer examination, not all spark 
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Figure 1. Illustration of “green-man” holding 
a “fire club” from reference 1. 


production is that simple. For example, con- 
sider effects such as Senko Hanabi,!”*! “fire-fly” 
spark effects,°*! and even the duration of simple 
carbon sparks,'*! all have complexities beyond 
the simple model suggested above. 


This review article presents the basic chem- 
istry and physics of spark incandescence; how- 
ever, some questions will remain unanswered. 
This is because many interesting aspects of 
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Figure 2. A Black Powder comet with 10% 
flake titanium (10-20 mesh). 


spark production are still unknown; for exam- 
ple, the mechanism causing spark branching. 


The attributes of spark producing pyrotech- 
nics generally considered attractive are high 
spark density and long spark duration. To some 
extent, these are interrelated because when in- 
dividual sparks last a long time, the appearance 
will be that of greater spark density. Another 
most attractive attribute, when the viewer is 
close enough to observe it, is spark branching, 
such as produced by cast iron sparks. 


Incandescence 


In the simplest terms, pyrotechnic sparks are 
tiny pieces of glowing material emitted from the 
burning surface of a pyrotechnic composition. 
(See Figure 3.) Any liquid or solid particle will 
emit light (incandesce) when it is heated to a 
sufficiently high temperature. The brightness 
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Figure 3. Illustration of the generation of 
pyrotechnic sparks. 


and color of the emitted light are both functions 
of temperature. This is demonstrated in Figure 4 
for black bodies (ideal absorbers and emitters of 
thermal radiation). 


Note in Figure 4 that an increase in tempera- 
ture from 727 to 1727 °C results in an increase in 
peak emission by a factor of approximately 30. 
Note further that, in the range of visible emis- 


Spectral Radiance (Wecm’esr'*um-") 


0.1 1 10. +100 
Wavelength (um) 


Figure 4. Spectral radiance of a black body at 
various temperatures. _ 
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sions, there is an increase by a factor of ap- 
proximately 100,000. At 727°C, the visible 
emissions predominate at the extreme long 
wavelength (red) end of the spectrum. Accord- 
ingly, such an incandescent body will appear 
reddish to an observer. Whereas, at 3727 °C, 
the emissions are more evenly distributed 
across the entire visible range, producing nearly 
white light. The possibilities for color and rela- 
tive brightness of black body sparks are sum- 
marized in Table 1. 


Table 1. Color and Relative Brightness of 
Black Body Sparks. 


Relative 
Brightness 


Temperature | Descriptive 


(a) 


(°C) Color!*”! 
Oe ee 
Reddish- 


Orange 


Yellowish- 
White 


(a) Relative brightness is an estimate based on the 
Planck radiation formula and the assertion that 
human eyes have an approximate logarithmic 
response to light intensity when viewing points 
of light in a void.'*! 


Some pyrotechnic spark particles are proba- 
bly quite close to being black bodies (e.g., some 
carbon sparks); others (e.g., aluminum sparks) 
deviate noticeably from ideal”! black bodies 
and may be referred to as “gray bodies”. Shi- 
mizu illustrates the perceived colors of black 
and gray bodies as a function of temperature in 
Figure 5. Note that, unlike black bodies, gray 
bodies have the ability to produce yellow sparks. 


Based on the above discussion, it should be 
apparent that the color and brightness of pyro- 
technic sparks are linked, and that the range of 
possibilities is rather limited. Red sparks will 
always be dim and white sparks must be bright. 
For the most part, it is not possible to produce 
bright red or dim white sparks. However, when 
points of light are viewed at a distance such that 
their size is less than the observer’s visual acu- 
ity, size and brightness of the point of light are 
linked to some extent. That is to say, brighter 
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Figure 5. A portion of the chromaticity 
diagram illustrating the color of light emitted 
by black and gray bodies.“ 


objects appear somewhat larger, and larger ob- 
jects appear somewhat brighter.'”! This presents 
an opportunity to make small adjustments in a 
spark’s perceived brightness without affecting 
its color. For example, consider two sparks at 
the same temperature (color), one that is twice 
the diameter of the other. The larger spark will 
have 400% more surface area emitting light, 
and thus emits 400% more light. If these light 
sources are small enough and are seen in the 
dark there will be an approximate logarithmic 
relationship between intensity and perceived 
brightness.'*! Accordingly, the larger spark 
should be perceived as being about 60% brighter, 
but with the same color as the smaller spark. If 
this is correct, while spark color and brightness 
are linked, there is the possibility to make some 
independent adjustments. However, note that 
changing a spark’s size will change its surface to 
mass ratio, which is likely to change its chemis- 
try to some extent (discussed further below). 


Pyrotechnic Spark Duration 


Based on the discussion of incandescence, it 
would seem that merely introducing inert parti- 
cles into a flame could produce useful pyrotech- 
nic sparks. There the particle would be heated 
to high temperature and would leave the flame 
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glowing brightly. In practice this does not work 
at all well; see Figure 6, which is of two essen- 
tially identical fountains (gerbs). Both fountains 
were made using the same compressed hand- 
made Black Powder, the added spark producing 
materials were of the same size, were essen- 
tially the same material (mostly iron), and both 
fountains had a choke of 1/3 the tube diameter. 
Nonetheless, there is a stark difference in the 
performance of the two fountains. The differ- 
ence is that the fountain on the left was made 
using stainless steel grains, while the one on the 
right was made using cast iron grains. 


Figure 6. Pictures of two essentially identical 
fountains, both producing incandescent sparks; 
however, only the fountain on the right 
produced sparks that were bright enough and 
had long enough duration to be attractive. 


In each case the spark particles were heated 
to high temperature and left the flame incandesc- 
ing. However, the stainless steel grains quickly 
became invisible after leaving the flame. Not 
only are such sparks not aesthetically pleasing, 
they burn out so quickly that they actually seem 
depressing to the viewer. Such performance is 
not unique for stainless steel; it is common for 
all relatively inert spark particles. This is the 
result of the low mass of spark particles, which 
causes them to loose their thermal energy (be- 
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come invisible) quickly after they leave the high 
temperature environment of the flame. This will 
always be true unless there is some mechanism 
for the spark particle to produce additional en- 
ergy. For the cast iron sparks, which persisted a 
long time (and then produce attractive branch- 
ing sparks), the mechanism for producing this 
additional energy is air oxidation. 


4 Feqtigh Temp.) + 3O) > 2 Fe,0; + Heat (1) 


The difference for the stainless steel spark 
grains is that stainless steel, while mostly iron, 
is formulated such that air oxidation (rusting) is 
essentially precluded. Without the ability to 
produce additional thermal energy, these sparks 
quickly cool to invisibility (i.e., to below the 
temperature of significant visible light emission). 


Common Spark Producing Elements 


For the reason discussed above, all common 
spark producing materials are capable of self 
sustained air oxidation after being heated to a 
high temperature, for example: 


C (High Temperature) + O, => CO, + Heat (2) 
Tiestich ‘Peenperatares + O, => TiO, + Heat (3) 


Table 2 lists the most common chemical 
elements used for the production of pyrotechnic 
sparks. Also included are zinc, zirconium, and 
magnesium, which are occasionally used as 
spark producers. °! 


The color and brightness of a spark particle 
depend on the temperature that is maintained 
during its air oxidization. To some extent, the 
spark particle’s temperature depends on the 
amount of heat released in the oxidation reac- 
tion (heat of combustion). Unfortunately, while 
it is easy to calculate the heat of combustion 
(see Table 2), there are other complicating fac- 
tors. It is obvious from the data in Table 2 that, 
by itself, the amount of energy produced is not 
a completely successful predictor of spark color 
(temperature). For example, the heats of com- 
bustion for carbon and iron are essentially the 
same, and yet there is a significant difference in 
typical spark color. Also, it would not be pre- 
dicted that magnesium would produce white 
sparks. Table 2 includes each material’s elec- 
tronegativity, which is an indicator of the ele- 
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Table 2a. Properties of Spark Producing Elements. 


Heat of Combustion 
stuns Spark Color Combustion”) Product”? Electronegativity!"” 


(a) The Heat of Combustion at 25 °C (more correctly termed Enthalpy of Combustion) is derived from refer- 
ence 12, and the units are kilocalorie per mole of fuel. Note further that Heat of Combustion is tempera- 


ture dependent. 
(b) This is the assumed principal product. 


(c) Note that charcoal commonly used in pyrotechnics is not pure carbon. Charcoal is typically only about 
82% carbon,“ and it principally has an amorphous structure.”*! However, the listed heat of combustion 


is for carbon as graphite. 


(d) Sparks produced in a gas flame (Bunsen burner) eventually appear yellow, but when produced pyrotech- 


nically, they appear greenish—bluish white. 


(e) Values are from reference 12. 


(f) Melting point at a pressure of 5.2 atmospheres. 


(g) Temperature of sublimation. 


ment’s relative tendency to acquire additional 
electrons. Electronegativities are known for all 
elements and seem to be a good predictor of 
spark color. 


Other important factors in determining spark 
color are the melting and boiling points of the 
spark material and their air oxidation products 
(also presented in Table 2). The reason the spark 
material’s melting and boiling points are impor- 
tant is that they will determine the physical 
state in which most of the air oxidation reaction 
takes place. For example, carbon will be a solid 
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atits expected spark reaction temperature, while 
most other materials will be liquid. This is not 
of overwhelming importance, but it affects our 
understanding of the nature of carbon sparks 
(discussed below). Of more importance is the 
fact that zinc and magnesium will be vaporizing 
as they react and that only solids and liquids 
incandesce. This is an important part of the rea- 
son why these potentially useful materials are 
only infrequently used as spark materials. 
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The melting and boiling points of air oxida- 
tion products are important because they can 
affect the degree of protection afforded the spark 
particle (discussed below) and generally set a 
limit on the maximum temperature (color and 
brightness) reached by a spark particle. The 
reason for this is that thermal energy is con- 
sumed or released in the processes of vaporiz- 
ing and solidifying, respectively. 


Liquid + Heat of Vaporization > Gas _ (4) 
Liquid — Solid + Heat of Fusion (5) 


For example, the amount of energy produced by 
a typical spark particle will be sufficient to 
cause it and its oxidation product to be molten. 
However, because of their high heat of vapori- 
zation, sufficient energy is not produced to al- 
low the spark particle to completely vaporize. 
This acts to prevent the temperature reached by 
a spark particle from exceeding its boiling point. 
On the other hand, once air oxidation is com- 
plete and the spark particle cools, the liberation 
of the heat of fusion can help maintain the 
spark’s temperature a little longer. 


Control of Carbon Sparks 


For spark particles ignited in the flame of a 
gas burner (e.g., Bunsen burner), equations of 
the type 1 through 3 apply. The control of spark 
duration is straightforward; large particles take 
longer to burn than small particles. Thus, if one 
wished to produce longer duration spark parti- 
cles, simply use larger particles of the spark 
material (providing they are not so large that 
the flame fails to ignite them). Control of spark 
color is even less complicated; it is not possible. 
The color produced is exclusively a function of 
the material being used. 


For pyrotechnically generated sparks, the 
combustion products of the primary fuel(s) and 
oxidizer(s) complicate spark chemistry. As it 
turns out, this is a good thing, because it pro- 
vides the basis for some control over spark du- 
ration and color. Combustion products can be 
gases, liquids or solids, depending on tempera- 
ture and the chemicals used. For example, con- 
sider equation 6, a chemical equation for the 
confined burning of potassium nitrate, charcoal 
and sulfur. (Note that while this example is 
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based on information from references 2, 4, 13, 
and 14, for this illustration it has been idealized 
and simplified.) 


8 KNO3 + 11C + 2S 3 2K,CO; + 
2 KS + 4N> + 9 CO, + Heat (6) 


In the presence of oxygen, such as when 
burning the composition in air, there is a further 
exothermic reaction of potassium sulfide to form 
potassium sulfate, equation 7. 


K»S + 20) > K»SO, + Heat (7) 


The nitrogen and carbon dioxide produced 
are gases. The melting points of potassium car- 
bonate, potassium sulfide and potassium sulfate 
are 891,840 and 1069 °C, respectively.''”! Based 
on the expected temperature of most pyrotech- 
nic sparks, these three combustion products will 
be liquid. 


The liquid (molten) combustion products are 
of primary consequence for sparks. Gases play 
a role in helping to eject droplets of molten 
combustion products from the burning surface, 
but for the most part, the gases must then be 
lost to the atmosphere. Generally the solid 
combustion products are relatively inert at typi- 
cal spark temperatures. If the ratios of reactants 
in equation 6 are altered by the addition of 
more charcoal, some will not react in the flame 
and will come to reside within the molten drop- 
lets of combustion products, as suggested in 
Figure 7, to form a composite spark particle. 


Molten Black Powder 
Combustion Products 
(K,CO,, K,S, K,SO,, etc.) 


s Z> Carbon Particle 
/ Protected From Too 
Rapid Air Oxidation 


Figure 7. Illustration of a composite carbon 
spark droplet, consisting of solid charcoal 
particles residing in droplets of molten 
combustion products. 


One function of some of the liquid compo- 
nents in the charcoal spark particle is to pro- 
duce additional thermal energy by their reaction 
with atmospheric oxygen (equation 7). However, 
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the more important function is to retard the air 
oxidation of the charcoal particles. The impor- 
tance of this can be appreciated if one ignites 
even large charcoal particles (20 mesh) in a gas 
flame. These sparks are totally consumed in 
approximately one second. Whereas the dura- 
tion of pyrotechnic charcoal sparks can easily 
be many seconds, even when the charcoal parti- 
cles are smaller than 100 mesh. The increase in 
spark duration is thought to be the result of 
greatly reducing the direct exposure of the car- 
bon particles to atmospheric oxygen. However, 
since oxygen from the air can be expected to 
dissolve into the molten spark droplet, oxygen 
can still reach carbon particles that are buried 
within a molten spark droplet, although at a 
much lower rate. The molten combustion prod- 
ucts help achieve both of the most desirable 
spark attributes, long duration and high visual 
density. (In part, this is because more and 
smaller particles of the spark material can be 
used, but it is mostly because each spark parti- 
cle lasts so long that more sparks are visible at 
any one time). 


The ability to alter the type and amount of 
molten combustion products provides the op- 
portunity to control carbon spark duration, and, 
to some extent, spark color. If the formulation 
is adjusted to produce a relatively high percent- 
age of liquid products, the charcoal particles 
will have greater duration (because they are 
better protected from air oxidation), and their 
color should tend to be more red (because they 
are reacting more slowly and thus maintain a 
lower temperature). If the formulation is ad- 
justed to increase the ratio of reactive to inert 
products (i.e., potassium sulfide to potassium 
carbonate), the sparks may be more orange (be- 
cause the additional energy production will 
raise their temperature). 


As an example of control of spark duration, 
consider the two gold charcoal spark formula- 
tions in Table 3. These formulations have been 
written to list handmade meal powder as the 
primary ingredient. This helps to explain the 
reason for the difference in the spark durations. 
If it is assumed that in air, meal powder reacts 
fairly completely, then it produces mostly inert 
combustion products. The formulation produc- 
ing short duration sparks has only charcoal 
added to the meal powder (and binder). The 
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long duration formulation has about the same 
amount of charcoal, but it also has a significant 
additional amount of sulfur. The extra sulfur 
produces more molten combustion products, 
which provides additional protection for the 
carbon particles. The long duration formulation 
also produces more sulfides, and thus has an 
additional source of spark energy while compet- 
ing with the residual charcoal for air oxygen. 


Table 3. Gold Charcoal Spark Formulations. 


Short Long 


Handmade meal. 


Charcoal (Air Float)| 22 | 20 


(a) Ingredients are given in mass percent. 

(b) This is a mixture of 75% potassium nitrate, 15% 
air float charcoal, and 10% sulfur. 

(c) The binder is glutinous rice starch and dextrin, 
for the short and long duration formulations, 
respectively. 


The size of the individual carbon particles 
within the composite spark particle does play a 
role in determining the duration of carbon 
sparks, but it is not of paramount importance. 
This is because the charcoal particles are con- 
tained within these larger spark droplets. For 
example, consider that some sparks produced 
using lampblack are among the longest lasting 
carbon sparks, yet lampblack has much smaller 
particles than common charcoals. 


While it has not been reported in the litera- 
ture on sparks, the relative size of the composite 
carbon spark droplets must also have an effect 
on spark duration. That is because both the rela- 
tive reaction rate with atmospheric oxygen and 
the rate of energy loss must be functions of the 
droplet’s surface area (proportional to particle 
diameter squared), while the amount of reacting 
material within the droplet is a function of its 
volume (proportional to particle diameter 
cubed). Accordingly, all else being equal, larger 
droplets should have longer durations. This is 
because the rate of oxygen absorption is pro- 
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portional to the spark particle’s surface area and 
not its mass. 


There are a number of factors that must af- 
fect the size of composite carbon spark drop- 
lets, among these are: the fraction and rate of 
production of gaseous combustion products; the 
viscosity of the liquid combustion products; for 
a comet star, the velocity of the star through the 
air, or for a gerb, the diameter of the choke. 
Accordingly, rapidly burning comets with much 
gas production, that generate low viscosity liq- 
uid combustion products, and that are rapidly 
moving through the air, must tend to produce 
relatively smaller (shorter duration) composite 
spark particles. 


Control of Metal Sparks 


In an earlier section it was suggested that the 
control of sparks produced in a gas flame was 
rather straightforward. Spark duration is con- 
trolled by particle size, with larger spark parti- 
cles burning longer, provided they are not too 
large to be successfully ignited while they re- 
main in the flame. In this case, spark color is 
controlled only by the choice of spark material. 
The control of pyrotechnically generated metal 
sparks is often treated as simply as if they were 
produced using gas flames. While this simple 


treatment has been sufficient to explain some 
aspects of pyrotechnic metal sparks, there are 
complexities that deserve discussion. 


For the metals listed in Table 2, considering 
their expected spark temperatures (based on 
their colors and the temperature information in 
Table 1), most of these spark particles and their 
oxides will be liquid’! (see Table 4). Thus, for 
iron, aluminum, titanium and zirconium, the 
oxides can be expected to collect on the metal 
particle surfaces and act to retard their air oxi- 
dation in somewhat the same way as discussed 
for carbon sparks. 


Beyond the protection afforded by the mol- 
ten metal oxides, additional protection may be 
provided by the combustion products of the 
primary fuel(s) and oxidizer(s), in much the 
same way as discussed for charcoal sparks. 
Consider the pairs of aluminum and titanium 
spark formulations given in Table 5. While the 
pairs of formulations differ in the flame tem- 
peratures produced, that is unlikely to be the 
primary reason for the different spark colors 
produced. This is because the effect of high 
flame temperature will persist for only a short 
time after the spark particle leaves the flame; 
recall the example shown in Figure 6. For the 
aluminum and titanium formulations, it is be- 
lieved that the difference is mostly the result of 


Table 4. Observations Regarding Spark Producing Elements. 


| Physical State® | State" 
Element 


Carbon 


Common Common Size Other Use 
Forms Range (Mesh) References 


Charcoal 


10 to 325 


Lamp Black —325 


lron 


Zinc”) 


Flake 
Atomized 
Sponge 


Aluminum 


Titanium 


Zirconium” 


(b) 


Magnesium 


(a) The most likely abundant physical state. 


(b) Rarely used in fireworks for spark production. 
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Iron Filings 


Atomized 
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20 to 60 
~100 
325 

20 to 60 

20 to 80 

60 to 150 

10 to 100 

10 to 100 

10 to 80 

10 to 80 


10 to 50 
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Table 5. Aluminum and Titanium Spark Formulations. 


Aluminum Sparks Titanium Sparks 
Ingredient” 


LPOtaSsiMin Perchlorate oe talc sd oe tl ee ate ee 


Potassium nitrate 


Reference 


(a) Ingredients are given in mass percent. 


(b) This is glutinous rice starch and dextrin, for the aluminum and titanium formulations, respectively. 


the protection provided to the metal by the reac- 
tion products. In both cases, the formulations 
producing yellow sparks contain a moderately 
large amount of sulfur, and thus are expected to 
produce a relatively high abundance of molten 
combustion products that are capable of retard- 
ing the air oxidation of the metal particles. If 
this is true, some of the same measures used for 
the control of carbon sparks should apply to 
metal sparks. 


Another method that can sometimes be used 
to alter the color of white aluminum sparks is to 
add a source of sodium to the composition. In 
this case, it is believed that the strong atomic 
emissions from sodium can act to add a yellow 
component to the light emitted by the spark. 
Although not documented, this may also be the 
case for other metals. 


Unlike the more common spark elements, 
the boiling points of magnesium and zinc are 
quite low, 1100 and 907 °C, respectively. Ac- 
cordingly, the spark particles must be in the 
process of vaporization, with some of the oxida- 
tion occurring with metal vapor while still in- 
side the flame. This can be confirmed by ob- 
serving these sparks when ignited in a gas 
burner; both types of sparks appear to be pro- 
pelled such as from gas production, and both 
leave a smoke trail from condensing combus- 
tion products. Their low boiling points make 
these materials somewhat less useful for the 
production of pyrotechnic sparks. For example, 
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only quite large magnesium particles seem ca- 
pable of surviving long enough to exit the pyro- 
technic flame to produce sparks, "'°! Also, when 
metals are partially consumed in the flame, they 
will tend to brighten it, which generally detracts 
from any sparks produced. However, to the con- 
trary, zinc dust can be used to make quite at- 
tractive comets such as electric spreader stars. 
In this case, the star burns to produce a large 
number of fragments, each burning greenish- 
bluish-white. It seems likely that an important 
part of the mechanism for fragmenting the stars 
may be the production of zinc gas, which then 
burns to produce the attractive flame. The source 
of the greenish-bluish-white flame is most 
likely a combination of spectral emissions from 
gaseous zinc (blue'’”!), high temperature incan- 
descence of liquid zinc oxide particles in the 
flame, and possibly spectral emissions from 
gaseous zinc oxide (yellow green'?!). 


Alloys and Corrosion 


In addition to the elements listed in Table 4, 
alloys are often used for spark production. 
Among the most common are magnalium (mag- 
nesium-aluminum, typically 50% magnesium), 
ferro-titanium (typically 30% iron), and ferro- 
aluminum (typically 35% iron). In addition, cast 
iron and carbon steels are alloys of mostly iron 
with a small amount of carbon. Generally, the 
spark related properties of these alloys are an 
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average of their constituents’ properties. Accord- 
ingly, both ferro-titanium and ferro-aluminum 
produce light yellow sparks. Ferro-titanium is 
easier to ignite than ferro-aluminum, which ap- 
parently acquires some ignition difficulty from 
its aluminum content. 


Corrosion can be a problem for some spark 
materials, especially for iron and magnesium. 
The most common method for handling this 
corrosion for iron is to coat the particles with 
linseed oil, which air cures to form a protective 
film. Protection for iron can also be accom- 
plished using alloys with either of the corrosion 
resistant metals—aluminum or titanium. Thus, 
ferro-titanium and ferro-aluminum typically 
need no treatment, providing the alloys contain 
no more than 30 to 40% iron.'*! Magnesium, 
typically, needs to be protected from corrosion. 
For magnesium, treatment with linseed oil is 
usually reasonably effective except when using 
ammonium perchlorate.'”*! Protection can also 
be accomplished by formation of a conversion 
coating on the surface of the particles.?&?>°! 
Similar to iron alloys, magnalium (magnesium- 
aluminum alloy) that contains at least 30 to 
40% aluminum generally does not need protec- 
tion. Aluminum generally requires no protection 
even in water dampened compositions; how- 
ever, when protection is needed, the addition of 
a small amount of boric acid will generally be 
sufficient." Another approach to solving cor- 
rosion problems is the use of thoroughly dried 
materials in addition to non-aqueous binding 
techniques. 


“Fire-Fly” or 
Transformation Effects"! 


In the “‘fire-fly” effect, also sometimes called 
transformation or transition effects, initially 
rather normal appearing long duration orange 
charcoal sparks are produced, which ultimately 
transform to produce yellow-white sparks. In 
some instances, a single orange spark may pro- 
duce a series of short-lived bright yellow-white 
sparks, thus giving somewhat the appearance of 
a fire-fly. These spark formulations contain 
both charcoal particles and aluminum flakes. 


In the initial several seconds of the spark’s 
duration, the air oxidation reaction is limited to 
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converting potassium sulfide to potassium sul- 
fate, and consuming the excess carbon in the 
spark particle, with the aluminum remaining 
essentially dormant. Then at some point, condi- 
tions allow the aluminum to ignite to produce 
the yellow-white spark effect. It has been sug- 
gested that the aluminum ignition process may 
be repeated more than once as suggested in 
Figure 8, to produce the fire-fly effect.!*! Proper 
functioning of the fire-fly effect requires that 
the burning composition produces flame tem- 
perature that is not sufficiently high to cause the 
immediate ignition of the aluminum. Also re- 
quired is the use of a charcoal with the capabil- 
ity of engendering the correct conditions to 
produce a sustained low temperature spark and 
then cause the ignition of the aluminum flakes. 
If the late stage spark temperature is too low, 
the aluminum will fail to ignite and not produce 
the transition to bright yellow-white. 


Incandescent Fire-Fly 
— Particle | (Burning Aluminum Flake) 


-2-@ 
Aluminum Flake 


Figure 8. Shimizu’s model of the mechanism 
for the production of Fire-Flies.°”! 


An excellent treatment of the subject of the 
fire-fly effect!*" implies that the use of coarse 
flake aluminum (flitters) is required. However, 
the temperature of the spark particle (during the 
carbon burning) is sufficiently high and suffi- 
ciently long in duration to melt the aluminum. 
This would seem to make the original shape of 
the aluminum irrelevant. That flake aluminum 
is not necessary for the fire-fly effect is con- 
firmed by a report'*” of using coarse atomized 
aluminum to produce the effect. It is also re- 
ported?” that magnesium, magnalium and tita- 
nium"*! can be used to produce somewhat simi- 
lar delayed ignition metal sparks. 
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Branching Sparks and Senko Hanabi 


Sparks that branch, such as illustrated in 
Figure 9, are extremely attractive when one is 
close enough to observe the effect. Most spark 
materials provide a limited degree of branching; 
however, none are close to rivaling those pro- 
duced by cast iron and high carbon steels. 
While details of the mechanism resulting in 
branched sparks is not reported in the literature, 
it is known that the percentage of dissolved 
carbon in the iron is important. It is reported!*"! 
that 0.7 to 0.8% carbon is the most effective for 
producing finely branched sparks. [The com- 
bustion product(s) of carbon (carbon monoxide 
or carbon dioxide) is unusual to the extent that 
it is a gas. Accordingly, one wonders if this is a 
part of the explanation. ] 


Attractive branching sparks are also pro- 
duced by the traditional Japanese item, Senko 
Hanabi*! and the European spur-fire fountain, 
called flowerpots. Senko Hanabi is typically 
made in one of two forms, one is a thin straw 
coated with a wet composition (Figure 10-a1), 
and the other has dry composition twisted in- 
side tissue paper. (Figure 10-a2). The effect is 
produced using a sulfur-rich Black Powder 
composition that burns rather slowly to produce 
a ball of molten combustion products sus- 
pended from the straw or twisted tissue paper. 
Initially, for a period of several seconds, not 
much appears to happen. Then branching sparks 


Figure 10. (a) Two typical forms of senko hanabi. (b-g) The typical senko hanabi process. 
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Figure 9. Illustration of the appearance of 
branching spark particles. 


begin to be projected from the molten ball, in- 
creasing in intensity and producing a delicately 
beautiful display of branching orange sparks. 


During the initial apparently quiescent pe- 
riod, there is continuing air oxidation of the 
reactive combustion products. One possible se- 
ries of reactions, based on information from 
reference 2a are shown in equations 8-10. 


2 K,CO3 + 58 > 
2 K,S, + 2CO, + SQ. = (8) 


KS, + O. > KS + SO, (9) 

K.S + 20, > K,SO, (10) 

C + (?) > Sparks (11) 
Ee 


[4f] 
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These reactions (equations 8-10) produce 
heat that maintains the temperature of the mol- 
ten ball of combustion products and alters its 
chemical components. In addition, an amount 
of carbonized material from the straw or tissue 
paper is continually adding to the molten ball. 
At some point minor explosive reactions of the 
carbon particles produce the branching sparks 
(equation 11). While details of the spark mecha- 
nism are unknown, the nature of the source of 
carbon (charcoal or soot) plays an important 
role in the character and abundance of the sparks 
produced.'”! 


Glitter and Microstars 


The glitter effect can be thought of as a 
spark effect wherein initially orange sparks are 
generated, then after a brief time delay they 
proceed to produce a bright flash. That flash 
may range in color from yellowish-orange to 
white. Figure 11 illustrates the glitter effect, 
which should not be confused with the simple 
continuous aluminum spark effect, often re- 
ferred to as flitter. The glitter effect and its 
chemistry have been fairly extensively treated 
in the literature,’ °° although there remains 
some disagreement about certain aspects of its 
chemistry. For this reason, and because the sub- 
ject has recently been covered in a review arti- 
cle,“4! the discussion of glitter in this article 
will be rather limited in its scope. The initial 
chemistry is similar to that for carbon sparks. 
Equation 12 suggests a simplified chemical re- 
action for sulfur-rich Black Powder, which pro- 
duces the yellowish-orange sparks (molten 
droplets). Equations 13 and 14 were seen above 
as equations 9 and 10 and provide thermal en- 
ergy to maintain the temperature of the spark 
droplets sometimes referred to as the “sprit- 
zels”.! Equation 15 is the reaction producing 
the terminating glitter flash. In equation 15 the 
exact nature of the fuel is not specified, because 
there is some disagreement as to what it is: 
Fish?”! implies it is aluminum sulfide, Oglesby”! 
suggests it is aluminum metal, and Stanbridge!*"! 
suggests it is aluminum carbide. 


2KNO; + 3C+2S 5 
K.S, + 3CO, +N. (12) 


KS. + O. > K2S + SO, (13) 
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KS tt 2 O, > K,SO, (14) 
K,SO, + (Al-based fuel) — Flash (15) 


Burning 
Pyrotechnic 


Flame 
Composition a 


Glowing Dross 
Droplets 
Delayed Glitter ("Spritzels") 


Flashes (Yellow . 


Figure 11. Illustration of the appearance of 
glitter sparks and flashes. 


The attributes of attractive glitter effects are 
long delay and large bright flashes. Glitter de- 
lay is most commonly achieved using antimony 
sulfide or alkali metal or alkaline earth oxalate, 
carbonate or bicarbonate in the composition. 
Flash size and brightness can be increased using 
barium nitrate, a spherical atomized aluminum, 
or magnalium. If larger particle size aluminum 
is used, the glitter flashes will produce a radial 
spray of yellowish-white sparks. 


Microstars!*’**! are small pellets of composi- 


tion, usually emitted by fountains that react in- 
visibly (at low temperature) as they move 
through the air and eventually produce a bright 
flash of light. Microstars may be thought of as a 
strobe effect”! where only a single flash is pro- 
duced. Although there is some similarity be- 
tween microstars, glitter and simple pyrotechnic 
sparks, microstars are not typically considered 
to be a spark effect, and they will not be dis- 
cussed in this article. There is, however, the 
exception that conventional metal sparks can be 
produced in the microstar flash reaction. Pre- 
sumably, this is accomplished using metal par- 
ticles that are too large to be fully consumed by 
the flash reaction. 
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Conclusion 


Spark effects have been used to augment 
firework effects for a very long time, yet new 
and improved effects continue to be developed. 
In some cases, our understanding of spark ef- 
fects is quite good, in others, much remains to 
be learned. Hopefully this review article has 
summarized much of what is known and identi- 
fied some things deserving further study. 
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ABSTRACT 


Pyrotechnic glitter is characterized by a liq- 
uid spark terminating in a delayed flash. The 
chemical mechanisms responsible for the delay 
and the flash are not known with certitude. Sev- 
eral pyrotechnists have proposed hypothetical 
mechanisms to account for the phenomena. The 
different proposals engender different predic- 
tions regarding how a glitter performs as a 
function of its composition. Consequently the 
behavior of experimental glitter compositions 
sheds light on the validity of the various pro- 
posals. 


Although experiments on colored glitter are 
hitherto disappointing, with the exception of 
yellow, further work may yet yield useful results. 


The most significant safety concern that glit- 
ter compositions present is a potential exotherm 
upon dampening. This can largely be avoided 
by careful selection of the combination of metal 
and glitter additives. 


Keywords: glitter, formulation, potassium, 
nitrate, barium, theory 


Introduction 


The characteristic property of a burning glit- 
ter composition is that it produces rather dim 
sparks, which suddenly undergo a short lived 
but tremendous increase in light output. This is 
illustrated in Figure 1. The glowing of the sparks 
prior to the glitter flash may not always be ob- 
vious when observing a glitter effect in fire- 
works, but is readily apparent in photographs. 
Thus there must be at least two different kinds 
of spark chemistry occurring after the spark has 
left the burning pyrotechnic composition. 
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Figure 1. Pyrotechnic glitter. 


The first phase of a glitter spark resembles 
that of a classic golden streamer composition 
utilizing charcoal, not only in color and bright- 
ness, but also in that they have both been shown 
to consist of liquid droplets. The flash phase of 
a glitter spark, by contrast, resembles the func- 
tioning of a pyrotechnic flash powder. Some- 
how these two disparate elements have been hy- 
bridized in the essence of a glitter composition. 


An excellent golden streamer formulation, 
given by Freeman,|"! is shown as formulation 1 
in Table 1. The green powder component is a 
simple intimate mixture of finely powdered po- 
tassium nitrate, charcoal, and sulfur, in propor- 
tions 75:15:10, without any milling or wet proc- 
essing. The use of green powder in this compo- 
sition, and in the glitter compositions discussed 
later, is not essential, and it may be replaced by 
its components or sometimes by commercial 
meal powder without substantially affecting the 
chemistry involved. However, it is convenient 
to discuss glitter chemistry by considering the 
green powder components collectively as an 
independent chemical entity. 


Glitter Chemistry 


Table 1. Formulations. 


Ingredients dL AT 2134] SL OL 7 [8] 9 | 10] 14 [12 [13 | 


Green powder 

Barium nitrate 
Sodium nitrate 
Rubidium nitrate 
Potassium perchlorate 
Sulfur 


Aluminum 
(atomized, 120-140 mesh) 


Golden streamer 


Flash powder compatible with golden 
streamer (better to use —200 mesh 


Sodium nitrate glitter (not very useful in 
practice) 


A pyrotechnic flash powder that is compati- 
ble with the golden streamer components is 
shown as formulation 2 in Table 1. The obser- 
vations discussed so far lead one to think that 
one may be able to make glitter by replacing the 
additional charcoal content of the golden 
streamer composition with the flash powder, as 
shown in formulation 3. Remarkably enough, 
given the rather naive assumptions and the lack 
of more sophisticated formulation development, 
this composition does indeed produce quite 


Glitter Chemistry 


Chapter 14 — Page 2 


good glitter stars of the short delay type known 
as “pearl”.!! 


So far the chemistry that may be involved in 
glitter reactions has not been considered, and 
for this we must turn to various glitter mecha- 
nism theories which pyrotechnists have pro- 
posed. 
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Lloyd Scott Oglesby: 


Potassium Sulfide Theory”! 


The vast majority of glitter compositions 
contain potassium nitrate, charcoal, and sulfur, 
many of them in the proportions present in 
Black Powder or green powder. One may there- 
fore reasonably suppose that the first chemistry 
to occur is the combustion of such materials. 
According to Partington,'*! “The proportions of 
the constituents and the main products of com- 
bustion correspond roughly with the following 
equation: 


2 KNO; + S +3C > KS + No, + 3 CO, 


Carbon monoxide, however, is also evolved, 
and the residue contains potassium carbonate 
and sulfate.” Note that the equation is only a 
first approximation to the combustion of gun- 
powder. However, glitter is substantially more 
complex than gunpowder, and so consideration 
of all the equations pertinent to the combustion 
of gunpowder may hinder rather than aid the 
understanding of glitter. 


The pearl glitter composition, formulation 3, 
contains an excess of sulfur. This extra sulfur 
can participate in a slight modification of the 
gunpowder reaction to produce potassium disul- 
fide: 


2KNO; +28 +3C 75 
K,S, + N, + 3 CO, 


Oglesby describes reactions such as this, oc- 
curring in the reacting layer of a glitter star, as 
“on board reactions”. Potassium disulfide has a 
melting point of 470°C and is thus formed as 
liquid droplets that Oglesby calls “spritzels”. 
Accordingly, the subsequent set of reactions, 
occurring in these glitter droplets, can be called 
“spritzel reactions”. Oglesby suggests a two- 
stage oxidation of the spritzels using atmos- 
pheric oxygen: 


KS, + Or. — KS + SO, 

KS + 20, > K»SO, 
There is precedent for this sequence of reac- 
tions. These are the reactions that are thought to 
occur in high-sulfur golden streamer composi- 


tions, such as formulationl, as well as in 
“senko-hanabi”.! In such compositions the 
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liquid potassium disulfide forms a matrix in 
which the unreacted charcoal is suspended. 
These droplets of potassium disulfide together 
with charcoal are commonly referred to as 
“charcoal sparks”. Not only does the charcoal 
gradually oxidize from atmospheric oxygen, but 
so does the potassium disulfide, first to potas- 
sium monosulfide and then to potassium sul- 
fate. All of these reactions generate heat. 


Meanwhile, what becomes of the aluminum 
that is present in some form in almost all types 
of glitter? According to Oglesby the aluminum 
has remained chemically unchanged so far in 
the process and is present as a suspension in the 
spritzels. Then as the potassium sulfate concen- 
tration increases, a critical point is reached 
when the glitter flash reaction occurs: 


2 K,SO4 + 8Al > 3 KS a 4 ALO; 


Again, there is precedent for such a reaction. 
Sulfates are known to function as oxidizers in 
pyrotechnic flash powders.!°”! 


The set of four reactions depicted above 
form the core of Oglesby’s theory of glitter 
chemistry. Yet they are not sufficient. The in- 
gredients potassium nitrate, sulfur, charcoal, 
and aluminum alone do not produce an effec- 
tive glitter composition. Something else is 
needed. 


The glitter composition, formulation 3, con- 
tains barium nitrate, and this indeed suffices as 
an extra ingredient to make the glitter work. 
Oglesby suggests that barium nitrate undergoes 
a sequence of reactions analogous to those of 
potassium nitrate: 


Ba(NO3)2 +8+3C75 
BaS + N> + 3 CO, 


(on board reaction) 
BaS + 20) > BaSO, 
3 BaSO, + 8 Al > 3 BaS + 4 ALO; 


(spritzel reaction) 


(flash reaction) 


Why does this make a difference if the reac- 
tions are so similar? The difference is that po- 
tassium sulfate (m.p. 1069 °C) is a liquid at the 
spritzel temperature, whereas barium sulfate 
(m.p. 1580 °C) is a solid. If the flash reaction is 
initiated by a critical concentration of sulfate 
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2KNO3 + S + 3C > KoS + No + 3 CO, 
3K2S + Sb2S3 — 2K3SbS3 


4 K3SbS3 + 3 O> > 6 K2So +2 Sb203 


KoS2 + Oo > KoS + SOo 
K2S + 2 Oz = K2SO, 


(on board reactions) 


(spritzel reactions) 


3 K2SO, + 8Al > 3K2S + 4Al,O3 (flash reaction) 


Figure 2. The series of reactions that may occur when antimony sulfide is used in glitter. 


oxidizer present as a solution in potassium sul- 
fide, then barium sulfate plays no part in initiat- 
ing the flash reaction. There are two conse- 
quences of this. Firstly, barium sulfide takes up 
some of the oxygen available to the spritzel, 
and so the potassium sulfate concentration 
builds up more slowly. Consequently there will 
be a greater delay time until the initiation of the 
flash reaction. Secondly, the total amount of 
oxidizer available for the flash reaction is in- 
creased, resulting in a brighter flash. 


Barium nitrate is neither the most common, 
nor the most effective glitter additive. That 
honor goes to antimony sulfide. Any theory of 
glitter must take into account the role of anti- 
mony sulfide. 


Spur fire, the characteristic composition 
used in the fountain called a flower pot, also fre- 
quently contains antimony  sulfide.'*! These 
fountains produce large and long-lasting spark 
droplets with much fire-branching, each droplet 
a senko-hanabi. When viewed at short range, 
the effect is incredibly beautiful. 


Oglesby suggests the series of reactions (see 
Figure 2) when antimony sulfide is used in glit- 
ter. 


Notice that this mechanism does not require 
any extra sulfur, as reflected in formulation 4, 
and so the first step is the standard gunpowder 
reaction. There are two key steps resulting from 
the use of antimony sulfide: Firstly is the for- 
mation of potassium thioantimonite (K3SbS3). 
Secondly is the oxidative decomposition of this 
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in the spritzel to produce potassium disulfide 
and antimony oxide (Sb2O3). The latter is a rela- 
tively volatile material and may be partially lost 
from the spritzel as it falls through the air. The 
more extensive sequence of spritzel reactions 
allows for a greater delay until the flash reac- 
tion. 


One can go further and combine the use of 
additional sulfur together with antimony sul- 
fide, such as in formulation 5. In this case the 
potassium sulfides can combine with antimony 
sulfide to form potassium  thioantimonate 
(K3SbS,). Oxidative loss of sulfur in the spritzel 
can then give potassium  thioantimonite 
(K3SbS3), and the reactions proceed as before. 
The key parts of the sequence are depicted be- 
low: 


2 K2S2. + KoS + SboS3 > 2 K3SbS, 
(on board reaction) 
K3SbS, + O2 > K;3SbS; + SO. 
(first spritzel reaction) 


As one might expect, the addition of yet an- 
other spritzel reaction to the sequence allows 
particularly long delays to be achieved. 


Formulation 6, for a glitter fountain based 
on Lancaster’s white glitter star formulation," 
introduces yet another glitter additive, stron- 
tium oxalate. Oglesby suggests that such mate- 
rials function in a way described by the follow- 
ing equations: 
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SrC,0, — SrCO; + CO (on board reaction) 
SrCO; > SrO + CO, (on board reaction) 


2SrO + 3 KS, > 2SrS + 3 KS + SO, 
(spritzel reaction) 


StS + 20, — SrSO, (spritzel reaction) 


3 SrSO, + 8 Al > 3SrS + 4 A103 
(flash reaction) 


The initial decompositions of strontium ox- 
alate consume heat, thereby slowing down con- 
current reactions and adding to the delay, per- 
haps by allowing larger spritzel size. The melt- 
ing point of strontium sulfate (1605 °C) is com- 
parable to that of barium sulfate (1580 °C), and 
so there is a similar additional contribution to 
the delay and to the flash brightness. 


Strontium oxalate is but one of a range of 
carbonates and oxalates with utility as glitter 
delay agents. (See Table 2.) Carbonates func- 
tion in a similar way, as can be seen by their 
intermediacy in the oxalate reaction sequence. 


Table 2. The Role of Carbonates and 
Oxalates. 


[ __]Oxalate Carbonate | Bicarbonate 
i x 


x 


x = useful materials 


Note that the postulated mechanism for the 
functioning of these materials requires the pres- 
ence of potassium disulfide. Consequently, such 
glitter delay agents cannot function as such by 
themselves, but only in the presence of addi- 
tional sulfur or antimony sulfide. 


Note that formulation 6 retains dextrin even 
though it is for a dry fountain composition. 
Oglesby suggests that carbohydrates, such as 
dextrin, serve a function in glitter—beyond that 
of binding—by furnishing water as a combus- 
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tion product, which affects the spritzel viscosity 
and “enhances the formation of sulfides rather 
than carbonates in glitter mixtures”. Lancas- 
ter''®! also concurs stating, “Dextrin is quite 
useful in the right proportions and we actually 
put it in some dry mixes, which it tends to make 
rather ‘bubbly’”. 


Ferric oxide is a glitter additive that does not 
fall within the categories discussed so far. 
Oglesby suggests that it is reduced to iron and 
iron sulfides as on board reactions; then “The 
iron serves as a low energy fuel after the spritz 
[ejection of spritzels] and as a simple physical 
barrier to fluid motion in the spritzel.” 


Oglesby’s theory is expounded in more 
depth in reference 2. 


Myke Stanbridge: 


Aluminum Carbide Theory!"*! 


This theory is analogous to Oglesby’s theory 
except for the key role proposed for aluminum 
carbide. The theory may be summarized by the 
following set of equations: 


2KNO; + 28 +3C7> 
KS) +N. +3 CO, 


4Al+ 3C 75 ALC; 


(on board reaction) 
(on board reaction) 
K,S. + O; > KS + SO, (spritzel reaction) 
KoS + 20, > K,SO, (spritzel reaction) 


3 K,SO, + 8 Al — 3 KS + 4ALO; 
(spritzel reaction)— not flash 
3 K,SO, Tr AliC; -> 
3 KS + 2 ALO; + 3 CO, 
(flash reaction) 


The easiest way to understand what is going 
on is to consider the differences between this 
and Oglesby’s theory. Firstly, a portion of the 
aluminum is postulated to be converted to alu- 
minum carbide as an on board reaction. The 
remaining aluminum reacts with potassium sul- 
fate as soon as the latter is formed in the sprit- 
zel flying through the air. Note that, for Stan- 
bridge, Oglesby’s flash reaction is part of the 
delay mechanism. When all the aluminum is con- 
sumed, the concentration of potassium sulfate 
rises until criticality is reached, and the flash 
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reaction proceeds with aluminum carbide as the 
fuel. 


The reader is referred to the articles by Stan- 
bridge for the more subtle points of the theory. 
There do not appear to be any major points of 
departure from Oglesby’s theory other than 
those mentioned here. 


Troy Fish: 


Aluminum Sulfide Theory"! 


This theory is quite similar to that of Stan- 
bridge with the critical difference of aluminum 
sulfide formation in place of aluminum carbide 
formation. A quote from Ellern exemplifies the 
principle behind this theory: “An extremely 
potent, but seemingly very little known, mix- 
ture is the one of flake aluminum and sulfur in 
approximately stoichiometric ratio of about one 
to two parts. It can be ignited with an ordinary 
match and reacts slowly with brilliant white 
glow, forming beads of aluminum sulfide”.!"*! 
Under certain conditions the reaction can be 
quite violent.''*! Stanbridge makes thermody- 
namic arguments that either aluminum carbide 
or aluminum sulfide, but not aluminum, could 
be the fuel in the flash reaction. 


Fish does not describe the theory in detail 
and provides no equations. The author has 
therefore taken the liberty of interpreting the 
theory in the form of the equations that follow: 


2KNO; +S +3C 7 KS + N. + 3 CO, 
(on board reaction) 


2Al+ 3S 3 ALS; 
KS ae O, => K,SO, 


3 K,SO, + 2 ALS; > 
3 K,S, + 2 Al,O; + 3 SO; (flash reaction) 


(on board reaction) 


(spritzel reaction) 


Fish makes use of this theory in formulating 
glitter compositions. The first two equations are 
taken to represent “base fires”, which are then 
mixed with the other glitter components. The 
first equation simply represents green powder. 
The second equation represents the stoichiomet- 
ric mixture of aluminum and sulfur. Fish actu- 
ally uses a slight excess of sulfur in this second 
base fire, presumably to allow for some loss 
due to its volatility at high temperatures. 
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A key point of departure for this theory, 
compared with the others, is that the excess sul- 
fur commonly present in glitter compositions is 
not considered to react to form potassium disul- 
fide. Aluminum sulfide is formed instead, with 
potassium monosulfide as the other sulfur- 
containing primary-reaction product. Note that 
each of the theories discussed so far proposes a 
different fuel for the flash reaction. 


Fish considers the delay effect of antimony 
sulfide to be firstly physical, on account of its 
high latent heat of fusion. The process of melt- 
ing absorbs heat, thereby retarding the on board 
reactions. Then in the spritzel the following 
delay reaction occurs: 


2. Sb.S3 + 90, >2 Sb.03 + 6 SO, 


This reaction generates heat and retards potas- 
sium sulfate formation by virtue of its oxygen 
consumption. 


Michael Swisher: 
Thermitic Theory!**! 


None of the theories presented so far pro- 
vides a good explanation of the role of ferric 
oxide in certain glitter compositions. The most 
familiar combination of ferric oxide and alumi- 
num is the thermite reaction: 


Fe,0; +2Al—7> ALO; + 2Fe 


Swisher postulates this as the flash reaction in 
such glitter compositions. How does this idea 
relate to more common compositions that do 
not contain ferric oxide? The classic prepara- 
tion of metallic antimony involves heating an- 
timony sulfide with iron."®! 


Sb.S; + 3 Fe > 3 FeS + 2 Sb 


One may immediately recognize this as being 
closely analogous to the standard thermite reac- 
tion. Thus, Swisher postulates a similar reaction 
with aluminum as the flash reaction for glitter 
compositions containing antimony sulfide: 


Sb2S; + 2 Al — AlbS; + 2 Sb 


It is interesting to contrast the idea of alumi- 
num sulfide being a product of the flash reac- 
tion with that of Fish’s theory, where aluminum 
sulfide is consumed in the flash reaction. Note 
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that the suggestion of Fish that antimony sul- 
fide is converted to the oxide prior to the flash 
reaction is also consistent with the latter being 
thermitic in nature: 


Sb,0O; + 2 Al > Al,O; + 2 Sb 


Takeo Shimizu: 


Polysulfide Reduction Theory!"”! 


Shimizu concurs with the formation of po- 
tassium sulfides, as previously described: 


2KNO; +28 + 3C > 


K,S,+N2.+3CO, (on board reaction) 


However, for Shimizu these sulfides are the 
oxidizing agent for the flash reaction: “The 
bloom is produced by the reaction of the alumi- 
num with the K.S,.” 


3 K,S> +2Al—> 3 KS oF ALS3 
(flash reaction) 


Thus Shimizu is in agreement with Swisher 
in proposing that aluminum sulfide may be the 
product of the flash reaction, but at odds with 
Fish and Stanbridge who suggest that aluminum 
sulfide may be a fuel for the flash reaction. 
Oglesby suggests no role for aluminum sulfide 
in glitter chemistry. 


Note that no specific spritzel reaction is key 
to the production of flash reactants in Shimizu’s 
theory. Indeed Shimizu acknowledges that sul- 
fur is lost from the potassium sulfides during 
the spritzel phase. Rather, the flash reaction is 
initiated upon reaching a critical temperature: 
“when small particles of molten residue pass 
through the air, they increase in temperature 
while being oxidized by atmospheric oxygen. If 
they achieve a sufficiently high temperature, 
then blooms are produced”. Presumably, this 
feature is also common to Swisher’s theory, in 
contrast to the other three theories all of which 
require a build up of critical concentration of 
potassium sulfate in order to initiate the flash 
reaction, though perhaps also via a temperature 
rise mechanism. 
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Experimental Observations 


The different theories of glitter chemistry 
outlined in this paper were developed by the 
respective authors in response to their own ob- 
servations and theoretical considerations. This 
constitutes the first two stages of the scientific 
process. The next step is to distinguish between 
the validity of different theories by means of 
experiments. Fortunately all the theories were 
couched in such a way as to allow testable pre- 
dictions of changes in the behavior of glitter as 
a result of changes in compositions. (Theories 
that do not allow for testable predictions are not 
in the realm of science.) 


Experiments will not necessarily lead us to 
conclude that one of the theories is “correct”. 
Some theories (notably Oglesby’s) are so ex- 
tensive that they may be found to be “partially 
correct”. Also, the theories are not entirely mu- 
tually incompatible. Indeed there are common 
features shared between some of them. Finally 
it is possible that all of the theories could be 
shown to be incorrect, in which case we should 
all have to think again. 


In general, the theories postulate the forma- 
tion of certain transient chemical intermediates 
that are then destroyed in a later stage of the 
glitter process. Thus one cannot simply analyze 
combustion products to determine which path 
the reaction took. One can, with substantial dif- 
ficulty, quench the glitter reaction at an inter- 
mediate stage, such as the spritzel, and analyze 
the mixture for the proposed intermediates. 


Both Oglesby and Stanbridge provide some 
micro analytical data to support their theories 
but, as Oglesby points out, “Some of the sulfide 
melts studied were not stable for more than one 
half second after capture”. Similarly, Shimizu 
states, “It is difficult to establish the mechanism 
of the flash solely through chemical analysis”. 
Ultimately the success of the theories must de- 
pend on their ability to predict the actual behav- 
ior of glitter compositions. 


The author’s glitter star tests used pumped 
stars of 7/16" diameter fired from 1/2" i.d. Ro- 
man candles and observed visually. 
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1. The Necessity for Potassium 


Several of the glitter theories postulate the 
formation of potassium sulfides, K,S,, as key 
intermediates in the process of glitter. Indeed, 
Oglesby states, “Potassium sulfide is therefore a 
necessity from the theoretical view and has 
been experimentally determined to be neces- 
sary”! If this is strictly correct, one would 
predict that a composition devoid of potassium 
will not function as a glitter. One of the obvious 
ways to attempt a yellow glitter is to replace the 
potassium nitrate content of a white glitter with 
sodium nitrate. Sodium is the element directly 
above potassium in the periodic table and so the 
substitution is chemically analogous. 


The author prepared a variety of star compo- 
sitions consisting of sodium nitrate, sulfur, 
charcoal, antimony sulfide, aluminum, and dex- 
trin. The results were invariably a bright yellow 
star with no sign of the glitter effect. 


It is interesting to put oneself in the mind of 
a chemically oriented pyrotechnist one hundred 
years ago, when aluminum was being intro- 
duced as a firework material. Such a pyrotech- 
nist might well have predicted the yellow illu- 
mination star described above, but surely would 
never have guessed what would happen with 
potassium nitrate as the oxidizer. 


On the other hand Winokur has been able to 
devise a composition utilizing sodium nitrate as 
the sole oxidizer (formulation 7) that can func- 
tion as a glitter under certain conditions.!"*! Fol- 
lowing Winokur’s suggestions the author con- 
firmed that five grams of the composition, 
when burnt in a loose pile, ejected numerous 
short delay flashes with excellent yellow color, 
along with a large yellow flame. In addition 
Winokur exactly described the burning behav- 
ior of the composition pressed in an unchoked 
1/2" i.d. tube as starting with an excellent yel- 
low glitter, shortly degenerating into a yellow 
flame. The composition does not function as a 
glitter when used for stars. Despite its lack of 
much practical utility, this composition is of 
theoretical importance for it shows that the glit- 
ter effect can take place without any potassium 
salts, albeit under very limited circumstances. 


It would appear then that the complete re- 
placement of potassium with sodium does allow 
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a glitter to function, but only marginally so. 
Oglesby is explicit about what is required of 
potassium: “Potassium sulfide melts below the 
melting point of potassium sulfate and that is 
what it takes to make glitter’. The melting 
points are 840°C for potassium sulfide and 
1069 °C for potassium sulfate. By contrast the 
melting points of sodium sulfide and sodium 
sulfate are 1180 and 884 °C, respectively, in the 
reverse order from the potassium salts. Thus 
Oglesby’s theory predicts that sodium nitrate 
cannot function as a replacement for potassium 
nitrate in most glitter compositions. 


The element most closely related to potas- 
sium in the opposite direction from sodium is 
rubidium, situated directly beneath potassium in 
the periodic table. The author prepared potas- 
sium-free compositions utilizing rubidium ni- 
trate as the oxidizer, such as formulation 8. In 
contrast to the experience with sodium nitrate, 
the rubidium nitrate composition produced truly 
excellent glitter stars. The requirement for po- 
tassium is unambiguously disproved. However, 
before completely rejecting the theory, one 
should note that the melting point of rubidium 
sulfide is 530°C, compared with 1060 °C for 
the sulfate. Thus the success of rubidium as a 
replacement for potassium is actually in accord 
with the predictions of Oglesby’s theory. Ru- 
bidium glitters have no discernable color im- 
parted to the glitter flashes. The element below 
rubidium in the periodic table is cesium. The 
author found that cesium nitrate can also func- 
tion as the sole oxidizer in a glitter composition, 
in this case producing a particularly impressive 
terminal delay (the final large droplet produced 
by a burning glitter star resulting in a particu- 
larly large and delayed flash!'”!). 


2. The Necessity for Sulfur 


The potassium sulfide intermediates require 
not only the presence of potassium (or other 
alkali metal) but also the presence of sulfur. 
The prediction is that one cannot make a glitter 
composition devoid of sulfur. Winokur has suc- 
ceeded in making a good glitter composition 
devoid of elemental sulfur,''?! but it contains 
antimony sulfide and it is quite reasonable to 
assume that potassium sulfides may still be 
formed in this circumstance. 
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If one adopts the same approach of chemical 
analogy taken for potassium, then one should 
examine the elements directly above and below 
the sulfur in the periodic table, namely oxygen 
and selenium. Oxygen, of course, is already 
present in the glitter composition, as a compo- 
nent of potassium nitrate, as well as in the sur- 
rounding air as the element. Consequently the 
expedient of removing sulfur, in both elemental 
and combined form, from a glitter composition 
should allow the production of potassium ox- 
ides, K,0 and K30,, in place of the correspond- 
ing sulfides. To the author’s knowledge no-one 
has succeeded in producing a glitter in the ab- 
sence of sulfur although Winokur has specifi- 
cally attempted such a feat.!'”! 


The use of selenium in a glitter composition 
has also been tested by Winokur and found to 
be ineffective.''*! Thus it would appear that glit- 
ter compositions have a requirement for sulfur. 


3. The Necessity for Nitrate 


Almost all published glitter formulations use 
potassium nitrate as the principal oxidizer. The 
necessity for potassium was examined above. 
Another question is the necessity for a nitrate 
oxidizer. Von Baum! has discussed glitter 
compositions containing potassium perchlorate 
as the sole oxidizer, such as his “Al” shown in 
Table 1 as formulation 9 with amounts rounded 
to the nearest percent. This composition, 
pressed into a lance tube, as suggested by von 
Baum, or into an unchoked 1/2" id. tube, does 
indeed produce a very beautiful effect with the 
appearance of being a true glitter, albeit quite 
distinctive. 


It is generally considered that the byproduct 
of using potassium perchlorate as an oxidizer is 
potassium chloride. This would be inconsistent 
with most of the proposed glitter theories. How- 
ever, one cannot rule out the possibility that in a 
high-sulfur composition, such as this, sufficient 
potassium sulfide is generated so as to allow 
any of the proposed glitter mechanisms. 


Von Baum!” notes that both charcoal and 
sulfur are necessary in these compositions, with 
antimony sulfide being ineffective as a substi- 
tute for sulfur. Also, magnalium cannot substi- 
tute for aluminum, and ammonium perchlorate 
cannot substitute for potassium perchlorate. 
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While none of the current glitter theories can 
fully explain these observations, none of them 
can be eliminated on this basis. 


4. The Necessity for Aluminum 


The glitter theories all postulate a key role 
for aluminum, but the role is different for each 
of the theories. If it were possible to replace 
aluminum with a different element then, de- 
pending on the element, some, but not all, theo- 
ries may be able to explain the observation. Fol- 
lowing the same rationale as before, the ele- 
ments above and below aluminum in the peri- 
odic table are boron and gallium, respectively. 


The addition of even small percentages of 
boron to a glitter composition destroys the glit- 
ter effect.'*"! Gallium inconveniently melts on a 
warm day (30 °C, 86 °F), but this could be cir- 
cumvented by the use of an alloy such as gal- 
lium antimonide. The author is unaware of any 
glitter experiments with these materials. Next 
below gallium in the periodic table is indium, 
which the author has found to be an ineffective 
substitute for aluminum in glitter composi- 
tions.”7! 


In addition to the kinship among elements of 
the same column in the periodic table, there 
also exists the so-called “diagonal relationship”, 
particularly within the first two rows. The ele- 
ment so related to aluminum is beryllium. Fe- 
her"! has tested beryllium in a glitter composi- 
tion, in place of aluminum, and found it to be 
quite effective. Thus aluminum is not an essen- 
tial component of a glitter composition. The 
chemistry of beryllium is quite similar to that of 
aluminum, including the existence of an analo- 
gous carbide, Be.C. The observation of an ef- 
fective beryllium glitter is therefore consistent 
with the Stanbridge theory. However, there also 
exists an analogous sulfide consistent with the 
Fish theory. The electronegativity of beryllium 
is virtually identical to that of aluminum, and so 
it should serve as a fuel in the flash reaction, 
consistent with any of the theories that postu- 
late aluminum in such a role. Thus the interest- 
ing observation of a functioning beryllium glit- 
ter sheds no light on the relative viability of the 
different theories of glitter. However, note that 
beryllium is extraordinarily toxic. Its use in 
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fireworks should be limited to research by those 
with the requisite experience. 


The theory of Stanbridge allows for the pos- 
sibility of using manganese in place of alumi- 
num in a glitter composition, on account of the 
favorable thermodynamic properties of manga- 
nese carbide.'''! The author has tested manga- 
nese as a replacement for aluminum in glitter 
compositions without success. Although these 
experiments bear unfavorably on the prediction 
of manganese as a potential glitter material, 
they should not be interpreted too strongly as 
evidence against the Stanbridge carbide theory 
in general. 


Stanbridge also suggests that aluminum car- 
bide may be used as a component in glitter 
compositions. However, the present author’s 
experiments along the lines recommended re- 
sulted in no glitter flashes at all. In addition, 
aluminum carbide was tested by the author as 
the sole aluminum source in glitter composi- 
tions for fountains. Only orange sparks with no 
trace of glitter effect were observed. This result 
is consistent with all of the glitter theories in- 
cluding that of Stanbridge. 


Aluminum may be present in alloyed form, 
for example with magnesium, iron, or co- 
balt.!'°**5! By contrast certain other alloys of 
aluminum, for example with zinc or zirconium, 
have not been found to function in glitter com- 
positions.””! Alloys with copper and nickel 
appear to be marginal cases of little use for glit- 
ter.''! A comprehensive theory explaining why 
certain alloys of aluminum are effective, while 
others are not, has yet to be proposed. 


5. The Role of Barium Salts 


Only Oglesby has provided a detailed ex- 
planation of the mechanism by which barium 
salts benefit a glitter composition. Regardless of 
whether the glitter additive is barium carbonate, 
barium nitrate, or barium oxalate, delay reac- 
tions are proposed leading eventually to barium 
sulfate. The barium sulfate then acts as a co- 
oxidizer in the flash reaction, enhancing the 
brightness of the flash. 


This theory is capable of making specific 
predictions. For example if barium sulfate itself 
were to be used as a glitter additive there should 
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be no delay reactions associated with it, and the 
delay should therefore not be increased. How- 
ever, it should still participate in the flash reac- 
tion, enhancing its brightness. These predic- 
tions were tested by the author using formula- 
tions such as number 10 in Table 1. It was 
found that the flash brightness was indeed en- 
hanced relative to the composition without any 
barium salt. Moreover, the delay was not in- 
creased, unlike the behavior when other barium 
salts are used. The theoretical predictions were 
exactly born out, in confirmation of Oglesby’s 
theory. The barium sulfate composition is ex- 
cellent in fact, and recommended for practical 
use. 


6. The Role of Antimony Sulfide 


Oglesby gives antimony sulfide a special 
role in its reaction with potassium sulfides to 
give potassium thioantimonate as a spritzel in- 
termediate. In searching for analogous materials 
the author came across potassium thiomolyb- 
date, which could be formed from potassium 
disulfide and molybdenum sulfide as below: 


K,S, + MoS, > K,MoS, 


Thus, in principle, Oglesby’s theory predicts 
that molybdenum sulfide could be used in place 
of antimony sulfide in glitter compositions. 
Most glitter additives are effective only when 
additional sulfur is present such that potassium 
disulfide could be formed. Antimony sulfide is 
unique in requiring no additional sulfur, pro- 
ducing potassium thioantimonite in this case. 
Thus a more stringent test of the ability of mo- 
lybdenum sulfide to replace antimony sulfide 
would be in a composition that contains no ad- 
ditional sulfur. Formulation 11 was tested in a 
5/8" fountain by the author and found to pro- 
duce an excellent off-white glitter. Oglesby’s 
theory is again vindicated since it can specifi- 
cally accommodate the function of molybde- 
num sulfide as a glitter additive. By contrast, 
the proposal of Fish that antimony sulfide func- 
tions as a heat sink by virtue of its low melting 
point (550 °C) is inconsistent with the success 
of molybdenum sulfide whose melting point of 
1185 °C is much higher. Thus it seems that an- 
timony sulfide plays a chemical role rather than 
a physical role in glitter. 
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The author also tested indium sulfide in glit- 
ters. The lack of stable potassium thio-salts of 
indium leads Oglesby’s theory to predict that 
this material cannot be used as a replacement 
for antimony sulfide. In fact good glitters such 
as formulation 12 can be made using indium 
sulfide, although the glitter flashes have abso- 
lutely no hint of the potential blue coloration 
from indium emissions. This composition is a 
vast improvement on simple mixtures of green 
powder, magnalium, sulfur and dextrin. How- 
ever, three similar experiments in which the 
indium sulfide was not accompanied in the 
composition by additional sulfur resulted in no 
glitter effect whatsoever. This is exactly as pre- 
dicted by Oglesby’s theory: regardless of the 
presence of other glitter additives, a necessary 
requirement for a good glitter is that the com- 
position contains either additional sulfur to al- 
low for the formation of potassium disulfide, or 
else a material such as antimony sulfide or mo- 
lybdenum sulfide that allows the formation of a 
stable potassium thio-salt. 


Winokur tested the sulfides of arsenic, mer- 
cury, lead, bismuth, barium, copper, and 
iron.''*! Tt is clear from the published descrip- 
tions that none of these can function as effec- 
tively as molybdenum sulfide. Thus the particu- 
lar function proposed for antimony sulfide by 
Oglesby is supported by the specificity of what 
can be used as a replacement. 


7. Tests of Swisher’s Thermitic Theory 


In order for a thermitic reaction to take 
place, the glitter composition must contain a 
compound of a metal whose electronegativity is 
greater than that of aluminum. While this con- 
dition is met by many glitter compositions, it is 
not met by all. Consequently the thermitic the- 
ory is not a candidate for the explanation of all 
kinds of glitter compositions. However, the 
thermitic mechanism may still operate in spe- 
cific cases. Note, in particular, that the other 
theories do not provide a satisfactory explana- 
tion for the function of ferric oxide. 


Swisher suggests that antimony sulfide may 
take part in a thermitic reaction with aluminum. 
The author tested the stoichiometric mixture of 
antimony sulfide and 30 micron atomized alu- 
minum. Five grams of this mixture, pressed in a 
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1/2" 1.d. tube, was hard to light but could be 
initiated with a standard ferric oxide thermite 
mixture. The light output was very weak and 
the mixture was slow burning. A regulus of an- 
timony remained. Although it must be admitted 
that the result bore little resemblance to a glitter 
flash reaction, it should be remembered that the 
conditions experienced by a spritzel flying 
through the air are rather different from those 
pertaining to this experiment. Moreover, the 
proposal of Fish that antimony sulfide may be 
converted to antimony oxide in the spritzel 
would allow for a more energetic thermite reac- 
tion. 


A specific prediction of the thermitic theory 
is that other oxides and sulfides capable of a 
thermite reaction with aluminum should be use- 
ful glitter additives. Chromic oxide (Cr,O3) is 
another material known to undergo thermitic 
reaction with aluminum and Swisher reports 
making excellent glitters using it.''*! The author 
has found that bismuth subnitrate is a useful 
glitter additive, and this too can engender a 
thermitic reaction after initial decomposition to 
bismuth oxide (Bi,O;3). The effectiveness of 
molybdenum sulfide is also consistent with the 
thermitic theory. 


Another prediction of the thermitic theory is 
that elemental sulfur need not be an essential 
component of glitter composition, provided that 
there be present a compound capable of under- 
going thermitic reaction with aluminum. Wino- 
kur''®! has shown this to be possible with anti- 
mony sulfide. However, there do not seem to be 
any other examples, and one may postulate po- 
tassium thioantimonite formation even in the 
absence of elemental sulfur, in accord with 
Oglesby’s theory: 


12 KNO; EF 4 Sb.S3 +15C > 
4 K3SbS3 + 2 Sb,03 + 15 CO, + 6N2 


In contrast with these experiments, Winokur 
has reported using manganese dioxide (MnO>) 
and lead oxide (Pb30,),"'7! both known to un- 
dergo thermite reaction with aluminum,''*! and 
found them to be useless. Thus the evidence 
regarding the thermitic theory of glitter is 
mixed at this point. 
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8. What Is the Fuel in the Flash Reaction? 


Three of the theories of glitter postulate that 
the aluminum component of a glitter composi- 
tion constitutes the fuel for the flash reaction. 
The other two theories postulate that the alumi- 
num undergoes a chemical reaction prior to the 
flash reaction. The two different postulates give 
rise to two different predictions as to the way 
the nature of the glitter flash depends on the 
nature of the aluminum used in the glitter com- 
position. Specifically, if aluminum is the fuel in 
the flash reaction, then the particle size and al- 
loying of the aluminum component could mark- 
edly affect the flash reaction. Conversely, if the 
aluminum undergoes chemical reaction prior to 
the flash reaction, the information about its 
original form should be lost, and the nature of 
the flash reaction should be relatively constant 
in regards to this variable. Note, however, that 
all theories allow for the possibility of excess 
coarse aluminum being flung burning from the 
glitter flash, thus excluding such effects from 
distinguishing between the theories. 


A flash parameter that can be used for com- 
parison between compositions is the color of 
the flash when a sodium salt is used as a glitter 
additive. The author visually compared the col- 
ors produced by using aluminum (atomized, 
120-140 mesh), aluminum (atom- 
ized, 325 mesh), ferro-aluminum (35:65, — 
60 mesh), cobalt-aluminum (31:69, —100 
mesh), and magnalium (50:50, —60 mesh). The 
aluminum carbide and aluminum sulfide theo- 
ries predict that the flash color should be essen- 
tially invariant. The other theories allow for the 
possibility that the flash color may vary be- 
tween the different compositions. 


The results of the experiments are as fol- 
lows. With the coarser aluminum, ferro-alumi- 
num or cobalt-aluminum alloys, only pure 
white flashes were produced despite the pres- 
ence of the sodium salt. The finer aluminum 
produced pale yellow glitter flashes and the 
magnalium produced vivid yellow glitter 
flashes. Similar observations have also been 
reported by Winokur.!"*! 


The results are consistent with the theories 
of Oglesby, Shimizu, and Swisher, but are 
poorly accounted for by the aluminum carbide 
and aluminum sulfide theories. 
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It should be possible to reproduce a flash re- 
action by mixing the postulated chemicals in- 
volved and determining the behavior upon igni- 
tion. Both Oglesby and Shimizu state that a 
mixture of potassium sulfate and aluminum 
does not ignite to produce a simulation of a glit- 
ter flash. Stanbridge goes further, implying that 
this reaction can be ruled out on theoretical 
thermodynamic grounds. 


In contrast to the opinion of these several 
pyrotechnists, a 50:50 mixture of potassium 
sulfate and aluminum (2), when heated in a 
deflagrating spoon with a Bunsen burner, does 
indeed produce a very convincing and vigorous 
flash reaction accompanied by a moderate ex- 
plosion.”* This reaction is clearly a viable can- 
didate for the glitter flash mechanism. The ad- 
ditional presence of sulfides, as suggested by 
Oglesby, is not a necessary condition for the 
occurrence of the flash reaction. 


This experiment negates the supposed “dis- 
proofs” of Oglesby’s theory by Stanbridge and 
Shimizu. However, the author found that a 
similar mixture of potassium sulfate and alumi- 
num carbide also undergoes a flash reaction 
upon heating, albeit less bright and less vigor- 
ous than with aluminum. The residue produces 
hydrogen sulfide upon dampening, thereby 
demonstrating the oxidative role of potassium 
sulfate in the reaction. Thus both aluminum and 
aluminum carbide are capable of acting as fuel 
in combination with potassium sulfate. 


Stanbridge postulates a role for aluminum as 
a fuel in the delay mechanism as opposed to the 
flash reaction. Thus his theory predicts that not 
only will a simple mixture of green powder and 
aluminum produce glitter, but that the glitter 
delay should increase with the amount of alu- 
minum in the composition. None of the other 
theories predicts this relationship between the 
amount of aluminum and the glitter delay. Con- 
sequently an experiment to measure the length 
of glitter delay as a function of aluminum con- 
tent can unambiguously determine the viability 
of Stanbridge’s theory relative to the other 
theories. 


Such an experiment has been performed by 
photographing stationary glitter stars in a wind 
tunnel and measuring the number of glitter 
flashes within one foot increments of the glitter 
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star.°”! The compositions used were made ac- 
cording to a standard gold glitter formula- 
tion,”*! with the aluminum content being 5, 7 or 
10%. The result was that the glitter delay de- 
creased as the amount of aluminum was in- 
creased. This effect is the opposite of that pre- 
dicted by Stanbridge’s aluminum carbide the- 
ory but is consistent with the other four glitter 
theories. Moreover, Oglesby provides an expla- 
nation for the observed relationship: “When a 
glitter formula is overloaded with aluminum, 
the spritzels produced will have insufficient 
sulfide melt material to cover and chemically 
isolate the aluminum from air ... A thin layer of 
potassium sulfide on aluminum is insufficient 
to cause delay.” Oglesby’s explanation is also 
consistent with the observation that decreasing 
the aluminum particle size causes a decrease in 
the glitter delay.°’”! 


9. Physical Observations 


Presumably in referring to Shimizu’s theory, 
Stanbridge states “Reactions based only on 
KS, are too slow to meet the observed duration 
of the glitter flash...”."""! However, Stanbridge’s 
postulated glitter flash duration of one millisec- 
ond may be as much as an order of magnitude 
shorter than flash durations determined experi- 
mentally.””! Certain glitter flashes, such as 
those from some compositions utilizing bismuth 
subnitrate as a glitter additive, have the appear- 
ance of being very much longer in duration. 
Thus, the argument against Shimizu’s theory 
based on flash duration may be erroneous. 


The theories of both Shimizu and Swisher 
require, and predict, that there must be an in- 
crease in spritzel temperature prior to the flash 
in order to trigger the flash reaction. The other 
theories rely on an increase in potassium sulfate 
concentration to trigger the flash reaction. Ex- 
perimental studies indeed suggest that the light 
intensity of the spritzel, and thus its tempera- 
ture, rapidly increases just prior to the flash.!°7! 
This result is as predicted by Shimizu and 
Swisher. However, it does not count against the 
other theories for, while not being a require- 
ment, the observation is nonetheless consistent 
with them. 
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Discussion 


There is as yet no universally agreed upon 
chemical mechanism that explains the pyro- 
technic phenomenon of glitter. However, the 
five theories discussed here all agree upon a 
certain basic sequence of events. “On board” 
reactions produce some chemical intermediates. 
These chemical intermediates are modified as 
the spritzels fall through the air. Finally, there is 
a flash reaction involving the oxidation of an 
energetic fuel. 


The experimental evidence is not yet suffi- 
cient to reach a definitive verdict regarding the 
validity of the various theories of glitter. How- 
ever, the evidence so far would appear to be 
strongly supportive of Oglesby’s theory. The 
aluminum carbide and aluminum sulfide theo- 
ries are less consistent with the experimental 
observations. 


Sturman!" has published a detailed and co- 
gent discussion of the thermodynamics of the 
aluminum carbide and aluminum sulfide theo- 
ries. It would appear that one may also elimi- 
nate these theories from consideration, based on 
such theoretical grounds. Dolata’" has _per- 
formed thermochemical measurements on glit- 
ter compositions, as well as related composi- 
tions whose intermediacy is predicted by vari- 
ous glitter hypotheses. While many of the con- 
clusions are tentative, Dolata states, “First of 
all, it is clear that the nature of the aluminum 
doesn’t play a thermodynamically important 
role in the on-board reactions”. Again, the ob- 
servations specifically contradict both the alu- 
minum carbide and aluminum sulfide theories. 


No doubt further experiments will gradually 
shed more light on the chemistry of glitter. 
However, the practical control of glitter delay is 
already well understood. 


Regardless of the theoretical considerations, 
the basis of glitter may be considered to be the 
combination of green powder (or equivalents), 
aluminum (including certain alloys), and delay 
agents. The practical mastery of glitter centers 
around the choice of delay agent, which falls 
into one of three categories: firstly, antimony 
sulfide as the sole delay agent; secondly, the 
combination of sulfur with another delay agent, 
most commonly a carbonate, an oxalate, barium 
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nitrate, or ferric oxide; finally, the combination 
of antimony sulfide with any other delay 
agent(s). Only the theories of Fish and Shimizu 
unambiguously predict that the simple mixture 
of green powder and aluminum will not pro- 
duce glitter. Moreover they specifically require 
the presence of either additional sulfur or anti- 
mony sulfide, allowing for the possibility that 
Swisher’s thermitic flash reaction with anti- 
mony sulfide could be an “on board” reaction in 
the Fish scheme. Besides these chemical delay 
agents, one can also make use of the minor con- 
tribution of physical delays. These are primarily 
poor incorporation, by use of green powder in 
place of commercial meal powder, and in- 
creased metal particle size. 


Colored Glitter 


An exciting prospect for the future is the 
production of various colored glitters, a feat 
that, with the sole exception of yellow, remains 
tantalizingly out of reach. Shimizu has tested 
the combination of Parlon® with barium car- 
bonate and copper carbonate glitter additives 
without success.''”! Sturman”! has pointed out 
that rare earth metal monoxides are roughly 
isoelectronic with alkaline earth metal mono- 
halides but have greater thermal stability. He 
also notes that some of these monoxides pro- 
duce excellent colored emissions in high tem- 
perature gas flames. These observations led to 
his suggestion of rare earth compounds as po- 
tential color imparters for glitter flashes. The 
author has tested the addition of chlorine do- 
nors to glitter compositions containing barium 
nitrate or strontium nitrate, as well as the use of 
a number of glitter additives that may be 
thought to have the potential of imparting color 
(see Table 3). None of these experiments led to 
a clearly colored glitter flash. 


If the perchlorate glitters of von Baum!””! do 
indeed proceed via the intermediacy of potas- 
sium sulfide, then there must necessarily be 
some available chlorine and they are thus po- 
tential candidates for producing colored glitter. 
However, von Baum"! notes that the use of 
strontium carbonate in such formulations does 
not produce colored glitter flashes. The author 
has found that the substitution of lithium ox- 
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Table 3. Materials Not Yet Found To 
Produce Colored Glitter. 


Name Formula 


Bari mitrate np BAINO3)2 


Yttrium oxalate | Ya(C2Oa)a 
Yttrium oxide 


alate for sodium bicarbonate in this system does 
not produce a glitter. 


Both Winokur''”! and Oglesby”! claim to 
have made pink glitter, using strontium salts or 
lithium salts, respectively. The author has tested 
such compositions in front of audiences psy- 
chologically prepared in two different ways. 
One group was specifically asked ahead of time 
to look for the pink glitter flashes. The other 
group was told nothing about the purpose of the 
experiment. After the glitters had performed (in 
Roman candles), some, but not all, of the first 
group reported that they had seen that the glitter 
flashes were pink. Members of the second 
group were asked what was the color of the glit- 
ter flashes. None reported that they were pink 
and were by no means easily convinced by the 
suggestion that perhaps they might have been 
pink. Clearly the subjective experience of the 
pink color is influenced by the pre-bias of the 
observer (a well known psychological phe- 
nomenon). In other words, it is not beyond pos- 
sibility for eager experimenters to delude them- 
selves as to the success of their experiment. A 
colored glitter should not count as a colored 
glitter unless it is clearly recognized as such by 
an unbiased audience. 
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The most successful colored glitter is the 
yellow produced by the combination of magnal- 
ium with sodium bicarbonate as in formula- 
tion 13 adapted from Winokur.''”! If one pro- 
ceeds from analogy with this, then the most 
likely candidate for the production of a differ- 
ent color is the combination of magnalium with 
lithium carbonate. However, so far such com- 
positions produce only white.'"! Perhaps the 
problem is simply the quantity of lithium, 
which constitutes only 19% of lithtum carbon- 
ate. One solution may be to load up the lithium 
content of the composition, in the form of lith- 
ium-aluminum alloy as suggested by Winokur: 
(91 “Tt is possible that alloys containing lithium 
or strontium could be used to produce pink or 
red glitter. The high cost of such alloys makes it 
doubtful that such material could ever become 
commonly used in commercial items.” On the 
other hand, Partington"! states, “Lithium burns 
when heated in air above its melting point, with 
a white flame...” (author’s italics). 


The author was able to obtain some lithium- 
aluminum alloy (20:80, LiAl, 40 to 200 mesh) 
for testing in glitter compositions. The first test 
of water compatibility resulted in an extremely 
violent reaction, although not resulting in igni- 
tion. Consequently no attempt was made to pre- 
pare glitter stars with this material and only 
fountains were tested. Mixtures (20g) with 
various glitter additives and 5 or 10% of lith- 
ium-aluminum alloy were prepared and pressed 
into a 5/8" tube with a clay choke of a type that 
works well in standard glitter fountains. One 
exception to this was for the composition that 
contained a combination of 10% bismuth subni- 
trate and 10% antimony sulfide as the glitter 
additives. In this case, when the lithium-alumi- 
num alloy was added to the other premixed dry 
components, a substantial exotherm ensued 
with concomitant emission of hydrogen sulfide. 
Although ignition did not occur, the author was 
not comfortable with the safety aspects of 
pressing this composition in a tube, and the test 
was performed by ignition of the loose powder. 
This large exotherm did not occur with the 
compositions containing the combination of 
bismuth subnitrate and sulfur or the combina- 
tion of lithium carbonate and antimony sulfide. 


In all cases the result of the test was the pro- 
duction of white sparks with no delayed glitter 
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flashes and no observable pink coloration. In 
one case, when the glitter additive combination 
of lithium carbonate and sulfur was used, there 
appeared to be a slight increase in brightness of 
the sparks towards the end of their trajectories. 
The compositions containing 10% each of lith- 
ium carbonate and lithium-aluminum alloy have 
a total lithium content of 4%, apparently insuf- 
ficient for coloration if insufficiency is the 
problem. However, it would appear unwise to 
increase further the lithium content of the lith- 
ium-aluminum alloy as the 20% material re- 
ported here is already dangerously reactive and 
disabling of the glitter mechanism. 


Safety Considerations 


Two kinds of safety considerations pertain 
to fireworks in general: toxicity and accidental 
ignition. The most commonly cited toxicity is- 
sue for glitter compositions concerns the use of 
antimony sulfide. For example, Fish"?! asks, “Is 
this poison necessary?” However, Fish provides 
no data in support of his hypothesis that anti- 
mony sulfide may be unduly toxic, and the 
toxicological literature suggests to the contrary: 
“The fact that two men, one employed for one 
year, where the air concentrations at their high- 
est were 52 mg/m’ showed no ill-effects, sug- 
gested that the trisulfide has a low toxicity”.?! 
Such low toxicity is entirely in accord with its 
low solubility of 0.000175 g/100 cm?.""! The 
assertion that antimony sulfide is particularly 
toxic would appear to have no basis in fact, and 
perhaps came about due to erroneous compari- 
son with other more soluble antimony com- 
pounds that are indeed very poisonous. Oglesby 
correctly points out that other antimony com- 
pounds tested for use in glitter compositions are 
much more poisonous than the sulfide. Of more 
concern might be acute poisoning by ingestion 
of sodium oxalate. 


Besides the safety considerations common 
to dealing with any pyrotechnic composition, 
glitter compositions are renowned for their po- 
tential for an exothermic reaction upon damp- 
ening with water. This is reasonable since all 
glitter compositions contain an active metal, in 
the form of aluminum or an alloy of aluminum. 
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The most common problem stems from the 
use of fine flake aluminum that can undergo an 
alkaline decomposition with a nitrate in the 
presence of water. This may be avoided by the 
addition of a boric acid buffer, or simply by the 
use of atomized aluminum. In addition, certain 
combinations of glitter additives with aluminum 
or magnalium must be avoided. These are listed 
in Table 4. The pattern of unwanted reactivity 
is in accord with chemical expectations; note 
that the pH of saturated lithium carbonate solu- 
tion is 11 (strongly alkaline), whereas that of 
saturated lithium oxalate is 7 (neutral). Thus, 
aluminum, which is sensitive to alkaline condi- 
tions, can not be used with lithium carbonate, 
and lithium oxalate should be used instead. It is 
interesting that Fish''”! has stated that lithium 
carbonate is not effective in glitter. This is cer- 
tainly not the case when magnalium is being 
used in combination with lithium carbonate.”!! 
Presumably, the problem with aluminum is the 
decomposition upon dampening, rather than 
any inherent deficiency of lithium carbonate. 
Shimizu"*! has reported that magnalium is ac- 
tively attacked by wet sodium oxalate, and this 
is also true for lithium oxalate"! and antimony 
oxalate (the latter suggested for use with alumi- 
num by Kosanke!**!), In these cases it is safer to 
use as alternatives more alkaline materials such 
as lithium carbonate or sodium bicarbonate, 
which do not cause such decomposition with 
magnalium.'°! 


Table 4. Adverse Reactivities of Metals with 
Glitter Additives in an Aqueous Environ- 
ment. 


Ingredient 


Lithium carbonate 


Sodium oxalate 
Antimony oxalate 


X = unwanted reaction upon dampening. 


Glitter Chemistry 


Chapter 14 — Page 16 


Curiously, Lancaster'’”! has stated, “One last 
point on glitter mixes: when using finely- 
powdered magnalium be very careful to add 
boric acid, or else the mix can heat up (on 
damping) ...”. Such advice flies in the face of 
both theory and experiment. Magnalium (unlike 
aluminum) is more reactive under acidic condi- 
tions than under alkaline conditions, and thus 
theoretically should have such reactivity exac- 
erbated rather than alleviated by the addition of 
boric acid. The relevant published experiments 
support this theoretical prediction.°°*"! The 
combination of boric acid with magnalium 
should be considered hazardous and_ best 
avoided. Indeed, Lancaster'**! may have 
changed his opinion on this issue for recently 
he has stated: “Magnalium is attacked by weak 
acids (e.g., boric acid)”. 


This controversy, like the glitter flash dis- 
cussion, highlights an important principle of 
science, stated here in the words of two great 
scientists: Richard Feynman'**! (Nobel laureate 
in Physics) “Science is the belief in the igno- 
rance of experts” and Carl Sagan'*”! (Astrono- 
mer extraordinary) “One of the great com- 
mandments of science is mistrust arguments 
from authority”. The author hopes that the ar- 
guments presented in this article will also be 
treated with the skepticism they deserve. 
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ABSTRACT 


Pyrotechnic strobe compositions burn in an 
oscillatory manner such that there is a marked 
variation of emitted light intensity as a function 
of time. The most common theoretical explana- 
tion for the phenomenon is that such composi- 
tions contain within them sub-compositions that 
may be regarded as a smoulder composition 
and a flash composition. The smoulder reaction 
would have a lower activation energy and low 
heat output. The flash reaction would have a 
high activation energy and high heat output. 
The actual chemical components of strobe com- 
positions are extremely diverse, confounding a 
unified chemistry of the phenomenon. Neverthe- 
less the majority of strobe compositions can in 
fact be reasonably deconstructed into smoulder 
and flash compositions. However, there appear 
to be a few strobe compositions that defy such 
explanation; although it is possible that the au- 
thor lacks the wit to comprehend the chemistry. 
It is also possible that the prevailing theory ap- 
plies to some, but not to all, strobe composi- 
tions; and it is yet possible that a different the- 
ory will provide a more encompassing explana- 
tion with better predictive power. 


Keywords: strobe, formulation, theory, flash, 
magnalium, smoulder 


Introduction 


The pyrotechnic strobe effect is produced by 
a light-emitting pyrobody, such as a star, 
wherein the light intensity is a cyclic variable 
function of time. The minimum light intensity 
may or may not be zero, but the frequency of 
the intensity peaks must be sufficiently slow 
such that the eye can distinguish between them. 
An example of a possible time course of light 
intensity is shown in Figure 1. To qualify as a 
strobe the composition must produce at least two 
flashes separated by a “dark” phase. 
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Light Intensity 


Time 


Figure 1. Representative time course of 
pyrotechnic strobe. 


Shimizu has hypothesized that two different 
kinds of pyrochemistry are involved; one in the 
“light” or “flash” phase of a pyrotechnic strobe, 
and one in the “dark” or “smoulder” phase.!"! 
These will be referred to as the “flash reaction” 
and the “dark reaction”. Shimizu suggests that a 
strobe composition may be thought of as a mix- 
ture of a flash composition and a smoulder 
composition. This is not the only possible hy- 
pothesis for the mechanism of strobe. For ex- 
ample, one could have postulated that a single 
pyrochemical reaction could occur at different 
rates for some reason (e.g., oscillatory thermal 
feedback or oxygen influx due to a pyrobody 
tumbling in air); or that a smoulder reaction 
gives rise to products capable of producing a 
flash reaction; or that a flash reaction gives rise 
to products capable of producing a smoulder 
reaction. 


Shimizu’s hypothesis engenders very specific 
predictions regarding what type of composition 
could or could not function as a strobe. If Shi- 
mizu’s hypothesis is correct, then every compo- 
sition that is capable of functioning as a strobe 
must contain ingredients that are capable of 
reacting as a flash composition, as well as in- 
gredients that are capable of producing a dark 
reaction. Any exceptions to this would mean 


Strobe Chemistry 


that Shimizu’s hypothesis is not universally 
applicable. 


Genesis of the Shimizu Hypothesis 


Firstly, Shimizu gives due credit to Was- 
mann"! and Krone"! for originating this line of 
thinking regarding the theoretical mechanism of 
pyrotechnic strobe. However, it will be referred 
to as the “Shimizu Hypothesis” here since he 
has made the largest contribution to our under- 
standing of this phenomenon. 


Shimizu had noticed in his studies on strobe 
compositions that, during the dark phase, “hot 
spots” develop in the smouldering slag layer that 
grow in size and temperature until a critical point 
is reached when the flash reaction commences. 
Thus it would appear that the dark reaction 
should have a small activation energy together 
with a relatively small heat output. By contrast 
the flash reaction should have a large activation 
energy (thereby allowing a delay before initia- 
tion) as well as a large heat output (thereby 
producing a relatively bright flash). 


Testing the Shimizu Hypothesis 


Various theories of glitter chemistry propose 
specific ingredients and/or intermediates and/or 
reactions.'"! Such theories can be tested by, for 
example, manipulating the ingredients of the 
glitter composition and observing the resultant 
pyrotechnic effect. However, Shimizu has not 
proposed that any specific ingredients are nec- 
essary or that any specific reaction takes place, 
for the functioning of a pyrotechnic strobe. 


Consequently, the testing of the flash com- 
position, smoulder composition hypothesis will 
be more general. Indeed, one of the first test- 
able predictions is that there should be not just 
one strobe chemistry but many strobe chemis- 
tries. Therefore stringent testing of Shimizu’s 
strobe hypothesis would catalog as many widely 
different strobe compositions as possible, fo- 
cusing on their predicted commonalities such as 
those listed below: 


1) One should be able to write a plausible 
equation for the flash reaction. 


2) One should be able to write a plausible equa- 
tion for the dark reaction. 
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3) The strobe composition should be reconsi- 
tutable as a mixture of a flash composition 
and a smoulder composition. 


4) Quenching a strobe composition shortly af- 
ter a flash should yield a mixture depleted in 
the proposed flash components. 


5) Quenching a strobe composition shortly be- 
fore a flash should yield a mixture depleted 
in the proposed smoulder components. 


Caveats: 


a) “Plausible” equations are ones that utilize 
ingredients of the composition and that 
are chemically reasonable. 


b) Shimizu’s hypothesis does not predict that 
any mixture of a flash composition and a 
smoulder composition will be capable of 
strobing. It is proposed as a necessary 
condition, not a sufficient condition. 


c) There exists strobe composition consisting 
of only two components, neither of which 
is capable of independent functioning as 
either a flash composition or a smoulder 
composition. At first sight this would ap- 
pear to contradict prediction No. 3. How- 
ever, note that a mixture of 50A + 50B is 
also equivalent to a 1:1 mixture of 80A + 
20B and 20A +80B. These latter could be 
flash composition and smoulder compo- 
sition. 


d) Atmospheric oxygen may be a plausible 
reactant in a smoulder composition (e.g., 
burning sulfur). 


e) It is possible that there may be more than 
one plausible flash reaction or dark reac- 
tion for a given strobe composition. In- 
deed, there may be more than one in ac- 
tuality. A dictum of chemistry is that any 
reaction that can occur will occur. Con- 
sequently, the real chemistry involved in 
pyrotechnic strobes is necessarily more 
complex than can be depicted by a set of 
two equations. However, for the purpose 
of testing the Shimizu hypothesis, it is 
sufficient only to find one equation for 
each reaction type. 


f) Quenching experiments should be possi- 
ble for long cycle strobes, but may be 
prohibitively difficult for fast strobes. 
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g) Quenching experiments are left to those 
with more sophistication in the required 
techniques than has the author, and are 
therefore beyond the scope of this article. 


Various Strobe Compositions 


A set of diverse strobe formulations was 
chosen with the intent of maximizing the differ- 
ences of ingredients between the formulations. 
Substitution of similar ingredients, such as one 
alkaline earth sulfate for another alkaline earth 
sulfate, was not considered as one may rea- 
sonably assume that these compositions func- 
tion through an analogous sequence of reac- 
tions. Formulations are either previously pub- 
lished or devised by the author. For testing, 
compositions (6 g) were pressed into a short 
(1%-inch long) 42-inch i.d. tube glued to a metal 
base. “Hot” prime (1 g) was pressed on top of 
the composition and lit with a visco fuse. In 
certain cases no amount of priming would suc- 
ceed in lighting the composition, but several 
seconds of direct blowtorch flame would even- 
tually trigger the composition to start strobing 


Table 1. Diverse Strobe Formulations. 


by itself. 


No consideration was given to the “useful- 
ness” of the test composition. That is it may be 
hard to light, not reliably stay lit, strobe too 
fast, strobe too slow, have hygroscopic ingredi- 
ents, not be stable on storage, be absurdly ex- 
pensive, etc. None of these factors bear on the 
utility of the composition for testing theoretical 
principles. Thus the only inclusion criteria were 
(a) that the composition must fulfill the defini- 
tion of “strobe” (i.e., at least two flashes sepa- 
rated by a dark phase), and (b) that the formula- 
tion must be significantly different from others 
under consideration. 


Strobe formulations considered for their con- 
formity with Shimizu’s theoretical predictions 
are listed in Table 1. 


CE a AC 


Su ur 


Magnalium (50:50) 18| 20| 33 30] 25] 20) | 


S 


Potassium perchlorate || | 33} TT 
pTLA cL a Ln shea Med Ce 


Hexamine _ 


Lithium perchlorate fT | of 
PO NUON casera dealeaedaes| See kdl a eee salah oe 


Mg2Cu 


as CT sl a) Se a (A ee 


Copper(!!) oxide 
Bismuth(IIl) oxide 


Reference SL OL 77] ei 7 i 7 i 7 {447 | 
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“Dark” and “Flash” Binary Mixtures 


There are a number of known binary (two- 
ingredient) compositions capable of a continu- 
ous smoulder reaction with little or no light 
output. More familiarly there are a number of 
known binary flash powers. A listing of such 
combinations, particularly those containing com- 
monly used strobe ingredients, allows a shortcut 
to determining whether a strobe composition 
satisfies Shimizu’s proposed mechanism. That 
is to say, if the composition contains the ingre- 
dients of at least one binary mixture from each 
list then one need look no further. 


Examples of known dark binary mixtures are 
listed in Table 2. Examples of known flash bi- 
nary mixtures are listed in Table 3. Hypothetical 
strobe reaction equations for the strobe compo- 
sitions under discussion are listed in Table 4. 


Table 2. Known Binary Dark Mixtures. 


Ingredient 1 Ingredient 2 


Ammonium 
{perchlorate tn. 
Ammonium 
perchlorate te 
Ammonium 
perchlorate ta 
Ammonium 
[perchlorate ta. 
Ammonium 
[perchlorate 
Ammonium 
perchlorate ym 


aa UT fn nn 
Sulfur 
aaa ee 
OA 
Guanidine 
Ne paceeeates neh tees | UA oe Mec 
Magnesium- Guanidine 
copper alloy nitrate 


Magnesium 
| oa 
pocneama 
| cyanoguanidine. 


SCTE ae 
_L nitrate” 


Cupric oxide 


* Guanidine nitrate is a common informal name for 
the substance more properly called guanidinium 
nitrate. 
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Table 3. Known Binary Flash Mixtures. 


Ingredient 1 Ingredient 2 


ae | Barium nitrate | Magnalium 
_| Barium 


Ammonium : 
Magnalium 


perchlorate | 
Potassium 


[perchlorate | Magnalium 


Ammonium . 
Magnesium 
PETC Or ate te mmnen 
Potassium 


perchlorate Magnesium 


Discussion of the Strobe Formulations from 
Table 1 


A. The key components of this excellent clas- 
sic white strobe star are barium nitrate, sul- 
fur, and magnalium. This contains dark mix- 
ture No. 8 from Table 2, and flash powder 
No. | from Table 3. The Shimizu hypothe- 
sis is therefore satisfied by this formulation. 


B. Sulfur is by no means necessary, since here 
it is replaced by guanidine nitrate. The flash 
powder remains the same, but no combina- 
tion appears in Table 2 as the dark mixture. 
In this case an experimental test of the 
Shimizu hypothesis is therefore necessary. 
The prediction is that some subset of mate- 
rials present in formulation B is capable of 
producing a smoulder composition. Exami- 
nation of Table 2 indicates that both mag- 
nalium and guanidine nitrate are compo- 
nents of known dark binary mixtures, and 
consequently constitute a candidate dark 
binary in admixture. Testing showed that 
the mixture 20% magnalium/80% guanidine 
nitrate will smoulder, though not reliably 
staying lit. An occasional flash also pre- 
sented. This is sufficient to satisfy the Shi- 
mizu hypothesis. 


C. This is a similar composition to “B”, but the 
oxidizer is changed from barium nitrate to 
potassium perchlorate. Thus the flash pow- 
der is switched from No. | to No. 4 in Ta- 
ble 3. The Shimizu hypothesis is satisfied. 
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D. The oxidizers are switched again, this time to 


ammonium perchlorate. The ammonium per- 
chlorate/magnalium flash powder is No. 3 
from Table 3. The Shimizu hypothesis is sat- 
isfied. 


This time the guanidine nitrate is replaced 
with barium sulfate, and our smoulder com- 
position is gone. Barium sulfate and mag- 
nalium constitute a flash powder (No. 2 from 
Table 3), but it does not smoulder. How- 
ever the ammonium perchlorate/magnalium 
mixture can function as a smoulder compo- 
sition (No. 2, Table 2), as well as a flash 
powder, and so any composition containing 
both these components will automatically 
satisfy the Shimizu hypothesis regardless of 
other ingredients. Note, however, that in 
these sulfate type strobe compositions the 
sulfate is usually considered to act as the 
principal oxidizer in the flash reaction and 
the ammonium perchlorate acts as the prin- 
cipal oxidizer in the dark reaction." Spe- 
cifically Shimizu has suggested that the 
magnesium content of the magnalium re- 
acts with ammonium perchlorate in the dark 
reaction, leaving primarily barium sulfate 
and aluminum for the flash reaction.'! This 
is also consistent with the magnalium com- 
bustion mechanism proposed by Popov et 
al,''! involving preferential oxidation of the 
magnesium content. 


Hexamine is used here in place of barium 
sulfate. This does not further test the Shimizu 
hypothesis however because, as noted above, 
any composition containing both ammonium 
perchlorate and magnalium automatically 
qualifies. 


The simple omission of magnalium leaves a 
binary composition of ammonium perchlo- 
rate and hexamine that is still capable of 
strobing behavior. Now bereft of both known 
dark or flash binary mixtures, this composi- 
tion would appear to pose a serious prob- 
lem for the Shimizu hypothesis. Let us see 
if we can rescue the situation: 


The sulfur strobes typified by “A” (Table 1) 
are hard to observe in the dark phase be- 
cause the bright flash requires that one’s 
eyes have some time to readjust, by which 
time another bright flash occurs. However, 
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there is a closely related kind of composi- 
tion for making “microstars” that in per- 
formance essentially produce a single dark 
phase followed by a single flash phase.!"*! 
While this does not qualify as a strobe 
composition, which would require a mini- 
mum of two flashes, both the formulation 
and the effect are clearly related to strobe. 
The delay can be increased by increasing 
the sulfur content. So with a high-sulfur 
composition one may observe the dark re- 
action for some time before observing the 
flash. A typical formulation for such a 
composition would be: 40% barium nitrate, 
30% sulfur, and 30% magnalium.!"*! The 
composition is made into microstars using a 
nitrocellulose binder. One may observe the 
microstars after being lit with a blowtorch. 
The appearance of the dark reaction is sim- 
ply the typical dim blue flame of burning 
sulfur. This is followed by a single bright 
flash; so do not observe too closely. 


Thus, although a reaction between magnal- 
ium and sulfur was postulated as the dark 
reaction for this kind of composition, it is 
also plausible that it could be a reaction be- 
tween sulfur and air (No. 11 from Table 2) 
depleting the sulfur content until a suitable 
flash powder composition is reached. Hexa- 
mine is a fuel, like sulfur, that burns easily 
in air with a dim flame. So the burning of 
hexamine in air can be postulated as the 
dark reaction for strobes of type G. 


Now we have an apparently even more in- 
tractable problem: No metal fuel, so where 
is the flash powder? An answer is perhaps 
found in the apparent capability of hexa- 
mine/potassium perchlorate mixtures (such 
as 30:70) of producing a sharp report when 
functioning as a flash powder.''*! It is 
known that ammonium perchlorate can also 
function as the oxidizer in a flash pow- 
der."*! Thus one indeed might reasonably 
argue, based on literature precedent, that 
the ammonium perchlorate/hexamine mix- 
ture should be able to function as a flash 
powder after sufficient hexamine has burnt 
off, bringing the mixture closer to stoichi- 
ometric proportions (86% ammonium per- 
chlorate, 14% hexamine). The proposed 
mechanism thus makes this composition 
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analogous to various pyrotechnic composi- 
tions wetted with alcohol, wherein a portion 
of the alcohol burns off the surface layer al- 
lowing the composition to flash; and the 
cycle repeats. 


. If the explanation above suffices for this 
ammonium perchlorate/hexamine mixture 
(G), then it also suffices for the lithium per- 
chlorate/hexamine mixture (H). 


Simple binary oxidizer/metal mixtures can 
also function as a strobe. In this case we 
have the known dark binary No. | from Ta- 
ble 2 and the known flash powder No. 7 
from Table 3. 


Similarly to the case above, it is easy to 
make a dark binary composition by mixing 
magnesium-copper alloy with guanidine ni- 
trate, No. 14 from Table 2. This is quite 
reasonable since the mixture of copper and 


Table 4. Hypothetical Strobe Reaction Equations. 


Flash Reaction Smoulder Reaction 


3 Ba(NOs3). + 10 Al > 


3 BaO + 3 No + 5 Al2O3 


| 3Ba(NOs), + 10 Al > 


tage BOOT O No FO BO 8 ate aeatants 
3KCIO, + 8Al > 3KCI + 4Al,0; 


| 6NH,CIO, + 10Al > 


| 6NH,CIO, + 10Al > 


15 CsH..N, + 36 NH,CIO, 3 
nnd9 CO2 + 8420 + 36 HCI + 28No | 


|2CeHiNa + 9LICIO, > 


send ICL 12 CO? 12 FO ANG nef 


|2NH,CIO, + 5Mg > 


wml F320 +3 MgO + 2 Mg(ORCl 


| (H2N)s;CNO3 + 2Mg > 2NH3 + No + 


ICO. 2M gO. on 


4.NHsClO, + 5(H2N)sCNO3 > CSC=«S@Y:* 
sand 20. + 9.CO2. + 122 + ACL uf 


? 


| Bi0, + 2Al > 2Bi + ALO; 
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guanidine nitrate, No. 12 from Table 2, will 
do the same. The flash powder might seem 
a little odd since guanidine nitrate is a net 
fuel rather than a net oxidizer. Nevertheless 
guanidine nitrate does contain available 
oxygen and so might function in a flash 
powder in a similar way to barium sulfate 
in the presence of a highly energetic metal 
fuel. 


. The dark binary composition is here ful- 


filled by either the copper/ammonium per- 
chlorate combination or the copper/guani- 
dine nitrate combination (Nos. 4 and 12 from 
Table 2). The fact that simple omission of 
ammonium perchlorate from this composi- 
tion results in a smoothly burning smoulder 
composition perhaps favors the latter. No 
ammonia smell is produced, and the brown 
residue is insoluble in water. Unlike the 
previous guanidine nitrate strobes discussed, 


Mg + S — MgS 


(HN)3CNO;+Mg> | 
sndtdaN CO. + HO. Net MO. 
(H2N)3CNO3 + Mg > 


JoomudHaN)2CO + H20 + No + MgO 
(H2N)sCNO3 + Mg > 
vomd N2 #12 H20 +2 AlOs + 6 AIOCI | 


3 BaSO, + 8Al > 3BaS + 4AbL03 


wAH2N)2CO + 20 + No + MgO. 
2 NH,4CIO, + Mg > 
vom N 3 Fle HM G(ClO a) 2 smn 


| 2NH,CIO, + Mg > 
smd N2 #12 H20 + 2 AlOg + 6 AIOCI | 


ne Ng #2 Mg(ClO a) a nnmmnmmanne 
CegHi2N4 + 9 Oo > 

mm ORF B20 2 ND ccm 
CegHi2N4 + 9O2 > 

iO Oe te OO ING Pada leital 
2 NH,CIO, + Mg > 
wn2.NHg + He + Mg(ClO4) 


(H2N)sCNO3 + 2Cu > 


vmmdtt2N)eCO + 20 + No + Cuz0 


(H»N)3CNO, + 2Cu —> 
WAH2N)2CO + 20 + No + CuO 
? 


Bi0; + 3Mg > 2Bi+3MgOQ 
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there is no active metal fuel present with 
which to form an obvious flash powder. 
However, the low melting point of gua- 
nidine nitrate (217°C) could facilitate the 
production of a molten mixture with oxi- 
dizer, such mixtures having the potential 
for almost explosive decomposition."”! 


The very idea of a black strobe, such as 
this, does not really fulfill the definition 
given earlier since no visible light is pro- 
duced at any stage in the combustion. How- 
ever, it is very closely related to some blue 
strobe compositions." Moreover, the com- 
bustion gases produced during the “flash” 
phase may be ignited to produce a blue 
flame. This flame does not stay lit in the 
absence of an external ignition source. 


The combustion alternates between a slow 
smoulder and a fast smoulder accompanied 
by a loud sizzling sound; an acoustic strobe 
perhaps? The point here is that the compo- 
sition can be altered by fine gradations (in- 
creasing the ammonium perchlorate to 40%) 
wherein the combustion gases produced 
during the flash phase reliably ignite in air 
of their own accord to produce the blue 
flame. Therefore the flash phase of this 
kind of blue strobe actually consists of two 
separate reactions: the pyrochemical reac- 
tion that is essentially the same as that op- 
erating in this black strobe (L, producing no 
light), and the combustion of the resulting 
gases in air to produce a blue flame. Thus, 
regardless of whether we address the black 
strobe or the related blue strobe, we would 
still need to postulate a flash reaction that 
produces no light. The triangle diagram for 
the similar system, K, with guanidine ni- 
trate in place of tetramethylammonium ni- 
trate (TMAN) did not show any areas of 
black strobe.'”! Consequently one may not 
assume that the mechanisms are necessarily 
analogous. However, the peculiarity of the 
black strobe phenomenon is not limited to 
compositions containing TMAN. Investiga- 
tions of various potential blue strobe systems 
also revealed a black strobe in combina- 
tions of ammonium perchlorate, cupric sali- 
cylate, and hexamine."”! It would appear that 
the explanatory power of the Shimizu hy- 
pothesis breaks down here. These composi- 


tions have a flash phase consisting of a fast 
smoulder, and contain nothing like the in- 
gredients expected of a flash powder. 


What of the “dark” reaction, or should we 
say “slow” reaction in these cases? TMAN 
is a net fuel that has very similar burning 
properties to hexamine: easy to ignite, burn- 
ing at a low temperature, with small light 
output. The author postulated the burning 
of hexamine in air as the dark reaction for 
cases G and H.'”! One might thus similarly 
postulate the burning in the air of TMAN as 
the dark reaction for strobes containing this 
material. However, the ammonium perchlo- 
rate/cupric salicylate/hexamine system men- 
tioned above has been found NOT to pro- 
duce a visible flame during the dark phase, 
and this was also observed to be the case 
for some TMAN compositions. The dark 
reaction for TMAN strobes is therefore just 
as non-obvious as the flash reaction. 


M. The acoustic strobe effect was referred to in 
the section above. Certain crackling micro- 
star compositions, such as this one, have a 
propensity for multiple reports along with 
flashes and so also fit in the acoustic strobe 
category.!! Shimizu has proposed a mecha- 
nism for the lead based crackling microstars 
that is analogous to his strobe sugges- 
tions.''*! One may note that most crackling 
microstars contain magnalium, just as do 
the most common kinds of strobes. Thus 
Shimizu proposes that the magnesium pri- 
marily takes part in the dark reaction, and 
the aluminum primarily takes part in the 
explosive flash reaction. It would not seem 
unreasonable that a similar mechanism could 
operate in the bismuth based microstars. 


Conclusions 


The principal mechanism that has been pro- 
posed to explain the chemistry of pyrotechnic 
strobe compositions is based on alternating re- 
actions corresponding to the “dark” and “flash” 
phases of the strobe.''*! The dark reaction 
should have a low activation energy, together 
with a low heat of reaction. The flash reaction 
should have a high activation energy, together 
with a high heat of reaction. These qualities are 
characteristic of a smoulder composition and a 
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flash composition respectively. Thus the hy- 
pothesis predicts that a pyrotechnic strobe com- 
position is capable of deconstruction into a 
smoulder composition and a flash composition. 
It is not necessary for the components of these 
compositions to be different, since certain bi- 
nary mixtures are capable of each reaction 
mode at different compositional ratios. 


Theoretical analysis of the diverse strobe 
formulations above indicates that, for the most 
part, pyrotechnic strobe compositions can in- 
deed be plausibly deconstructed into a smoulder 
composition and a flash composition. By and 
large this is supportive of the prevailing hy- 
pothesis. However, there nevertheless exist some 
strobe compositions for which an opponent of 
this hypothesis could reasonably claim that 
such deconstruction is “clutching at straws”. 
There is room for doubt. There are several pos- 
sibilities. It could be that the prevailing hy- 
pothesis is correct and general, but we do not 
have sufficient understanding of some strobe 
compositions to see the applicability. It could 
be that the prevailing hypothesis is applicable to 
most strobe compositions, but not to all. It 
could be that the prevailing hypothesis is not 
really the most appropriate description of strobe 
mechanism, and that there may yet be a hy- 
pothesis of more general validity and predictive 
value. The hypothesis that a strobe composition 
can be thought of as a mixture of a smoulder 
composition and a flash composition may have 
value as a post facto explanation. Nevertheless, 
it does not have much predictive value since 
mixtures of a smoulder composition and a flash 
composition will not generally produce a strobe 
composition. Perhaps it is a necessary, but not 
sufficient condition. Our understanding of the 
pyrotechnic strobe would be furthered by a theo- 
retical analysis of the thermodynamics and ki- 
netics involved. Quenching experiments should 
provide valuable evidence regarding the chemi- 
cal changes that have occurred in different 
phases of the cycle. 


Strobe Frequency 


While we do not yet have a good theory to 
enable discovery of new strobe compositions, it 
is nevertheless possible to tailor the properties 
of existing compositions in order better to serve 
our needs. In particular there are some reliable 
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methods for fine tuning the strobe frequency to 
suit one’s purpose. The majority, but by no 
means all,''”! of practical strobe compositions 
contain a metal powder. It seems that in these 
cases the frequency may be increased by in- 
creasing the available surface area of the metal. 
Most commonly this is achieved either by in- 
creasing the percentage of metal in the formula- 
tion or by decreasing the particle size of the 
metal powder. In order to decrease the fre- 
quency, the opposite is done. 


In addition, altering the physical form of a 
strobe composition can affect the frequency. 
Increasing the thermal feedback will usually 
increase the frequency. Thus, a composition in 
a tube will exhibit a greater frequency than the 
same composition as a naked star flying through 
the air. 


Safety Considerations 


Firework composition safety considerations 
most commonly fall into the categories of acci- 
dental ignition hazard or toxicity hazard. Many 
strobe compositions contain ingredients that are 
also found in flash powders. Moreover, the hy- 
pothetical mechanism proposes that strobe 
compositions could be regarded as being partly 
comprised of flash powder. Thus one might 
reasonably assert that strobe compositions 
should be treated with the same respect that one 
would afford flash powder. Practical experience 
of many pyrotechnists has borne this out. 
Strobe compositions have been known to ex- 
plode catastrophically when subjected to im- 
pact. Strobe mines have been known to shred 
metal mortars. Nor should one assume that 
strobe compositions devoid of active metal fuel 
are free from such considerations. 


A wide variety of firework chemicals are 
used in the preparation of strobe compositions, 
and it is necessary to be aware of particular 
combinations that engender a greater than nor- 
mal predisposition for spontaneous combustion. 
Most notable in this context is the combination 
of magnesium and ammonium perchlorate. As 
stated by Lancaster, “Magnesium is particularly 
liable to heat up in the presence of ammonium 
salts”.!'*! Unfortunately this happens to be a 
combination that otherwise has been shown to 
be especially effective for the production of 
variously colored strobe compositions.''! The 
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usual expedient for accommodating this situa- 
tion is to pacify the magnesium surface with 
potassium dichromate or ammonium dichro- 
mate. The techniques have been mostly devel- 
oped by Shimizu, and nicely summarized by 
Lancaster.''®! The use of dichromates, however, 
introduces a toxicity hazard significantly greater 
than typically associated with pyrotechnic com- 
positions.''”! Dichromates are known to be car- 
cinogenic, with potential long latencies after 
exposure. For use in fireworks, therefore, it is 
necessary to take greater than normal precau- 
tions to prevent access to lungs and skin during 
manufacture. There have been some efforts to 
solve the magnesium/ammonium perchlorate 
incompatibility problem in a way that avoids 
undue toxic hazard.””°! 


The use of magnesium aluminum alloy (mag- 
nalium) instead of magnesium, in combination 
with ammonium perchlorate, goes a long way 
in reducing the probability of an unintended 
exothermic reaction. However, magnalium and 
ammonium perchlorate, in combination with 
some other materials, have also been known to 
heat up in the presence of water.”"! Non- 
aqueous binding generally solves the problem, 
nitrocellulose being popular for strobe stars. 


Crackling microstars may be classified as a 
pyrotechnic strobe. The use of lead oxide in 
these compositions presents significant toxic 
hazard.*! The neurotoxicity for the developing 
brain is of particular concern. While infants 
may not be engaged in fireworks manufacture, 
they can nevertheless still smell the smoke. 
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ABSTRACT 


Pyrotechnic whistles have long been used in 
both civilian and military applications. It is 
known that, under certain conditions, these 
compositions burn in an oscillatory manner and 
have exhibited a tendency occasionally to ex- 
plode with great power during combustion. 
Based on the results of experimental work and 
a study of the thermochemical properties of 
whistle fuels, a hypothesis is proposed that at- 
tempts to account for the observed high levels 
of explosive and acoustic power of pyrotechnic 
whistles. The formation of < 10 um diameter 
hollow carbon spheres was observed in labora- 
tory experiments involving the thermal decom- 
position of potassium benzoate (a whistle fuel) 
in a reducing atmosphere. At the moment of 
formation, the spheres may possibly be filled 
with combustible hydrocarbon gases and would 
be extremely reactive. If formed during the quiet 
cycles of an operating whistle device, their exis- 
tence may explain the higher than expected 
acoustic power of pyrotechnic whistles. Such a 
hypothesis may also lead to an understanding 
of other hitherto unexplained explosions, where 
under conditions such as ‘cook-off’, the thermal 
decomposition of organic fuels used in some 
other pyrotechnics would result in the formation 
of new substances which are more reactive than 
the parent chemicals. 


Keywords: whistle, combustion, acoustics, 
oscillating burning, pyrotechnics 
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1. Introduction 


Pyrotechnic whistle compositions are usually 
formulations consisting of the salt of an aromatic 
acid such as potassium benzoate (KC7H;O.) or 
sodium salicylate (NaC;H;O3) as the fuel and a 
strong oxidant such as potassium perchlorate 
(KCIO,). When the powder mixture is consoli- 
dated and burnt as an open-faced pellet, it burns 
at a constant linear rate and emits virtually no 
sound. However, if the pressed composition is 
ignited at the bottom of a short tube, it burns in 
an oscillatory manner and emits a loud, high- 
pitch whistling sound. 


Pyrotechnic whistles have been used in a 
number of military and civilian applications, 
however, it has long been known that whistles 
have a propensity to explode during combustion 
and have been responsible for serious injuries. 
As part of a study to reduce the hazards associ- 
ated with the manufacture and use of whistles, 
an investigation was undertaken to determine the 
mechanism by which high intensity oscillatory 
sound is produced by the combustion of con- 
solidated whistle formulations. 


This is described in a more comprehensive 
report"! where modern instrumentation tech- 
niques, including high speed video, were em- 
ployed to examine the combustion characteris- 
tics of the whistle composition MRL(X) 418, 
which contains 30% potassium benzoate and 
70% potassium perchlorate. In particular in- 
stances, comparisons were made between this 
composition and a US formulation, which in- 
corporates sodium salicylate as the fuel. 


In addition, it has been established through 
acoustic considerations that the energetic output 
of each cyclic pulse of a burning whistle device 
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is considerably greater than that expected from 
the thermochemical properties of the simple fuel- 
oxidiser system. Experimental evidence con- 
firmed that when whistle composition was de- 
liberately made to explode, sufficient energy was 
released to fragment the metal test cylinders 
into which it was filled. However, the projected 
fragments exhibited relatively large dimensions, 
with velocities not exceeding 100 m/s—factors 
indicating that detonation of the filling did not 
occur. When equal masses of other pyrotech- 
nics, including flare composition and gunpow- 
der (Black Powder) were similarly tested, no 
fragmentation of the cylinders was evident.'"! 


These observations have led to the hypothesis 
that, under the specific conditions extant in the 
burning zone of a whistle device, highly reac- 
tive secondary fuels may be created through the 
thermal decomposition of the primary fuel. It is 
proposed that while these conditions occur dur- 
ing the quiescent phase of a burning whistle 
device, the resultant mass of reactants is limited 
by inherent physical control factors. However, 
should uncontrolled changes in the combustion 
surface geometry occur, the mass of these reac- 
tants can increase, leading to the explosion of 
the device. 


2. Computer Modeling of 
Combustion 


The NASA-Lewis CEC 76 computer code 
was used to predict the reaction products of a 
mixture of 70% KC1O, and 30% KC7H;O2 burn- 
ing within a tube (i.e., in the absence of excess 
air). At atmospheric pressure, the predicted spe- 
cies consisted mainly of KCl, HO, CO, and 
CO; the latter two being in equal proportions. In 
an actual whistle device, it was questioned 
whether the subsequent reaction of hot CO in 
air at the tube mouth would generate sufficient 
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acoustic energy to produce the oscillating sound 
inherent in this type of device. 


To test this contention, a pyrotechnic whistle 
was ignited inside an open drum from which the 
air had been displaced with argon. When com- 
pared with an identical whistle burning in an 
air-filled drum, no difference in either frequency 
or amplitude could be discerned, inferring that 
the oscillatory sound is produced within the 
tube, and most likely, at the burning front. 


3. Acoustic Model 


The acoustic model presented here is ap- 
proximate and quite simplistic in as far as the 
following assumptions were used: 


e the model is based on linear acoustic theory 
(the model is less accurate for large ampli- 
tude waves), 

¢ the acoustic propagation properties of the 
gas in the chimney of the whistle are ho- 
mogenous, 

¢ the effect of gas flow on the acoustic wave 
propagation is neglected, 

¢ the free field impedance of the acoustic 
propagation medium inside and outside the 
chimney is nearly the same, and 

¢ thermal and viscous losses are neglected in 
the propagation of acoustic waves. 


Figure 1 provides the basic framework for 
understanding the proposed acoustic model of 
the whistle device. The acoustic behaviour of the 
device has been modelled on the classic quar- 
ter-wave resonator, where the reaction front of 
the burning pyrotechnic composition provides 
both a high acoustic impedance boundary and 
an acoustic energy source, and the open end, or 
mouth of the whistle chimney, provides a low 
impedance boundary. 
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Radiated Sound 
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Tube 
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Figure 1. Schematic representation of a 
pyrotechnic whistle device showing an 
acoustic pressure pulse propagating 
through the chimney in a sequence of 
snapshots in time. Changes in pulse height 
occur at points of reflection. Positive 
pressure pulses have light shading whereas 
negative or rarefaction pulses have darker 
shading. The left-hand side of the time 
sequence box corresponds to the position at 
the burning front and the right-hand side to 
the position at the chimney mouth. Arrows 
indicate the direction of pulse propagation. 
A graph of radiated pressure pulses is 
shown on the right-hand side of the time 
sequence box. The radiated pressure pulses 
are generated each time the internal 
pressure pulse is reflected at the chimney 
mouth. A drop in the internal pulse height 
indicates this radiation loss. 
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Frequency (kHz) 


Figure 2. Spectrogram of whistle output, showing the peaks of the whistle spectrum as a function of 
time. The lowest line represents the first harmonic, or the fundamental, and the upper lines represent 


the higher harmonics. 


There appears to be some confusion about 
such a model in the literature, where an open 
organ pipe model was suggested by Maxwell.”! 
The open organ pipe model represents a half- 
wave resonator with two low impedance bounda- 
ries! where the ratio of the frequencies of the 
upper harmonics and the fundamental follows a 
simple 1, 2, 3, 4, ... relationship, termed here as 
the modal ratio. While the experimental data 
show such a relationship between the mode fre- 
quencies (see Figure 2), it does not fit the half- 
wave resonator model, which yields unrealisti- 
cally low acoustic propagation velocities when 
calculated as the product of frequency and wave- 
length, with the wavelength equal to twice the 
effective chimney length. The modal ratio for a 
quarter-wave resonator, however, normally fol- 
lows a 1,3,5,7... relationship, but it can be 
shown that non-linear distortions in the acoustic 
wave output are capable of producing the ob- 
served 1, 2,3,4... modal ratios. So far, it has 
been found to be extremely difficult to account 
for the non-linear acoustic behaviour in the ab- 
sence of suitable experimental measurement 
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techniques capable of operating in a very hos- 
tile environment, and to simulate the process 
computationally would require considerable 
developmental effort. However, the simplified 
acoustic model still offers useful insights, par- 
ticularly when the whistle chimney, or quarter- 
wave tube resonator, is considered as an acous- 
tic wave trap. This helps to provide a better basis 
for understanding the possible effect of acoustic 
feedback on the chemical reaction rates in the 
whistle composition burn. 


Experiments show that the whistle oscilla- 
tions build up gradually after initiation."! It is 
presumed that before the periodic whistle noise is 
established, the initial pyrotechnic burn gener- 
ates its own random noise, which is trapped by 
the whistle chimney and fed back towards the 
reaction front where it may be reinforced under 
favourable conditions. Therefore, the initial stage 
of the development of the oscillatory burn is 
considered to be a random process as shown in 
frame (b) of Figure 3, where random fluctua- 
tions precede the onset of coherent oscillations. 
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Figure 3. An example of the acoustic output of a pyrotechnic whistle device as a function of time with 
a vertical scale of approximately + 40 kPa. Frame a) shows the complete record of sound output of 
nearly 5 seconds duration and frame b) shows the first 0.1 s comprising an initial transient due to the 
electric match-head initiator, random reverberant sound decay, and onset of coherent narrow-band 
oscillations. Unsuccessful attempts at resonant feedback are evident from the random fluctuations just 
to the left of the cursor at approximately 0.087 s followed by the onset of build up in coherent whistle 
resonance. 


The effect of the acoustic pressure on the re- evidence that the acoustic pressure wave trapped 
action rate of whistling pyrotechnic composi- in the chimney controls the combustion process. 
tions is not yet properly understood, but it is Moreover, the energy of the combustion feeds 
clear from the literature as well as experimental back positively into the trapped acoustic wave. 
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This process is sometimes called thermo acous- 
tic feedback since the combustion is expected to 
impart energy to the acoustic wave through the 
addition of heat. The wave-trap model highlights 
one feature, which may be of considerable sig- 
nificance in the acoustic control mechanism of 
the combustion, namely acoustic pressure dou- 
bling at the reaction front. In the model, as por- 
trayed in Figure 1, a compressional pulse is 
generated at the reaction front and propagates 
towards the chimney mouth where it is reflected, 
but proceeds as a rarefaction pulse of somewhat 
diminished magnitude back towards the reaction 
front. At the chimney mouth, the pulse magni- 
tude becomes nearly zero due to the low acous- 
tic impedance boundary condition, and all of 
the potential energy of the pulse is momentarily 
converted into kinetic energy. During this re- 
flection process, some of the pulse energy is 
dissipated through acoustic radiation into open 
space. At the reaction front, the rarefaction pulse 
is reflected and its pressure magnitude is mo- 
mentarily doubled because of the high acoustic 
impedance at the reaction front boundary. The 
doubling is due to conversion of all of the ki- 
netic energy of the pulse into potential energy 
while in the rebound phase. The pulse then re- 
verts to its previous magnitude (assuming zero 
losses) and proceeds back towards the chimney 
mouth. There it undergoes a reflection as de- 
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scribed previously, but now it returns as a com- 
pressional pulse to the reaction front and com- 
pletes the cycle, doubling temporarily in magni- 
tude during the rebound phase. 


3.1. Thermo Acoustic Feedback Mechanism 


To build up oscillations in the pyrotechnic 
whistle device, a mechanism must exist that 
periodically adds energy to the trapped acoustic 
wave. Rayleigh"! stated that vibrations in a reso- 
nant column might be generated through periodic 
addition of heat in phase with pressure wave 
condensation (compression). In an attempt to 
understand how this energy is imparted by the 
combustion process, the relationship between 
pressure and reaction rate was considered. Max- 
well”! asserted that the rate of burning of whis- 
tle compositions is not abnormally sensitive to 
pressure and that the acoustic pressure fluctua- 
tions do not appear to change the reaction rates 
sufficiently to account for the observed acoustic 
power of whistling compositions. These asser- 
tions are supported by the data (reference 1) set 
out in Figure 4, which demonstrate that pres- 
sure fluctuations about the atmospheric mean of 
100 kPa of absolute pressure produce little more 
than a six-fold difference in average mass burn- 
ing rate. Note that gun powder (Black Powder), 
which produces a similar volume of permanent 
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Figure 4. The relationship between static pressure (kPa) and mass burn rate (g/s) for whistle 
composition burning both as inhibited pellets in the open air, and at the bottom of open cylinders; 
in comparison to pellets of sulphurless gunpowder (Black Powder). The combustion of whistles 
ceased at pressures below 20 kPa, probably due to thermal losses from the burning front. 
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gas as whistle composition (~300 L/g), exhibits a 
similar increase in the mass burn rate with pres- 
sure, but does not exhibit oscillatory burning.""! 


Based on experimental observation and the 
above acoustic wave-trap model, it is believed 
that the acoustic pressure doubling at the reac- 
tion front controls the reaction process through 
thermochemical switching. It is suggested that 
acoustic pressure wave doubling at the reaction 
front is able to influence the temperature and 
pressure in the reaction zone and lead to differ- 
ential fuel and oxidant decomposition rates. 
Thermochemical analysis of whistle fuels and 
oxidants by Wilson! showed that lowering of 
reaction temperature in a whistle composition is 
expected to lead to decreased decomposition rate 
of the oxidant while the fuel decomposition rate 
may continue relatively unabated. According to 
Wilson the layer of aromatic fuel thermally de- 
composes, producing solids and combustible 
gases including hydrocarbons and a highly re- 
active form of carbon. Thus, a doubled rarefac- 
tion pulse at the reaction front may lower the 
temperature and pressure at the reaction front 
and hence increase the net production of secon- 
dary fuels while decreasing the oxidant decom- 
position rate. A one half-cycle later, the doubled 
compression pulse will increase the temperature 
and pressure at the reaction front with a con- 
comitant increase in the decomposition rate of 
the oxidant. The resultant combustion will be 
more energetic than in the preceding half-cycle 
and is therefore capable of adding energy to the 
acoustic wave, meeting the Rayleigh criterion. 
A build-up in the acoustic pulse height is possi- 
ble via this mechanism with increasing contrast 
between the decomposition rates of the fuel and 
oxidant as the pulse height increases. In a fully 
developed oscillatory burn, the occurrence of 
distinct alternating half cycles of active and 
quiescent phases would be expected. Such be- 
haviour was observed in experiments involving 
the recording (at 12,000 pictures per second) on 
a Kodak SP 2000C high-speed video system of 
combusting whistle devices pressed into trans- 
parent test blocks (see Figure 5).!"! 


Maxwell demonstrated that the acoustic fre- 
quency ofa pyrotechnic whistle decreases as the 
length of chimney above the burning front in- 
creases."”! A series of experiments with 0.45 m 
long chimney extensions was designed to reduce 
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Figure 5. High-speed video record of a 
burning (3 kHz) whistle device showing 
combustion cycle ‘switching’ at the burning 
front. 


the oscillation frequency to enable the combus- 
tion process to be more effectively recorded on 
high-speed video. The records of these devices 
exhibited a very clear distinction between the 
active (light) and quiescent (dark) phases of the 
combustion cycle as seen in Figure 6. Maxwell 
also made similar observations using streak 
camera photography. 


It should be noted that during the dark pe- 
riod, the reaction is not extinguished, but is sus- 
tained, possibly as a smouldering process of hot 
carbon particles in an oxygen deficient, low- 
pressure environment. If the environmental tem- 
perature were to fall below that at which the fuel 
decomposes, the combustion reaction would 
likely be extinguished. This probably explains 
why the whistles would not burn reliably at 
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pressures much below atmospheric values, as 
indicated in Figure 4. 


3.2 Quantitative Analysis of Acoustic Data 


Useful information can be obtained from 
quantitative analysis of the acoustical data, such 
as acoustic pressure levels generated at the re- 
action front of a whistle device and specific 
impulse output, when compared with other en- 
ergetic materials. The acoustic output of experi- 
mental whistle devices was measured (refer- 
ence 1) with a Bruel and Kjaer Impulse Precision 
sound level meter located at a safe distance from 
the chimney mouth, and the sound pressure lev- 
els at the chimney mouth were calculated ac- 
cording to spherical spreading law. The acoustic 
pressure levels at the reaction front may be es- 
timated from the acoustic properties of the chim- 
ney, considered here as a closed-open cylindrical 
waveguide. A more detailed derivation has al- 
ready been performed in reference | so this study 
only considers some of the pertinent data and 
results. 


In most of the experiments, the sound pres- 
sure level (SPL) was measured at a distance of 
one metre from the mouth of the whistle, with 
the SPL meter positioned at right angles to the 
whistle body. The initial chimney length, Z, was 
19.5 mm and the bore diameter, d was 12.5 mm. 
To calculate the effective wavelength, 4, of the 
wave trapped in the chimney, an end correction 
was applied to L so that 


A=424+1.2d=93 mm 


For the MRL(X) 418 whistle composition, the 
starting frequency was a little over 5 kHz and 
the recorded acoustic pressure waveform was 
nearly sinusoidal. Using the standard definition 
of SPL, the recorded waveform was converted 
to sound pressure and the spherical spreading 
law was applied to deduce the pressure ampli- 
tude just outside the chimney mouth. To calcu- 
late the pressure amplitude within the chimney, 
it is necessary to apply a transfer factor based 
on the reflection coefficient at the chimney 
mouth. This is called the resonant amplification 
factor (RAF), which determines the required 
build-up of internal wave amplitude until the 
acoustic energy imparted by the combustion is 
equivalent to the acoustic energy radiated from 
the chimney mouth. The RAF may be derived 
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Figure 6. High-speed video record of a low 
frequency pyrotechnic whistle, showing the 
active (bright) and quiescent (dark) combustion 
cycles. To slow the whistle frequency to enable 
a full cycle to be recorded, an extended 
chimney tube was fitted to the device. When, in 
another experiment, a ‘normal’ 3 kHz whistle 
was located and ignited at a distance of 15 mm 
from the end of the low frequency whistle, 
pointing directly at the mouth of the extended 
tube, the combustion frequency of the first whis- 
tle was observed to increase." This experiment 
demonstrated that the whistling frequency is 
controlled by the incoming pressure pulses 
(normally as a result of reflection from the tube 
mouth). 


Pyrotechnic Chemistry 


from first principles using acoustic theory for 
waves radiated from open cylinders, assuming 
no acoustic losses except by radiation from the 
chimney mouth. Adopting the approach and 
formulation of Fletcher and Rossing,” it is 
found that the RAF varies linearly with chim- 
ney length, starting at a value of 2.5 at the be- 
ginning of the burn, and closing at a value of 
about 6 at the end of the burn. 


Figure 7 shows an approximate RAF transla- 
tion between internal and external peak pres- 
sure for the same sound-pressure record as de- 
picted in Figure 3. This illustration raises two 
important issues: 


1) The internal wave amplitude is vacuum lim- 
ited (i.e., it cannot exceed 50% of ambient 
pressure). Otherwise, pressure doubling at 
the reaction boundary during the rarefaction 
phase would demand negative pressures, 
which cannot be physically achieved. Hence, 
at atmospheric pressure, the amplitude is 
limited to about 50 kPa. 


2) As the chimney length increases, the RAF 
increases, and therefore, the maximum pos- 
sible output of the whistle decreases because 


of the vacuum limit. For the experiments with 
0.45 m extensions, the RAF =50 and the 
expected maximum amplitude radiated from 
the chimney would be of the order of 1 kPa 
only. This corresponds to a 20-fold reduc- 
tion in amplitude, or a drop of about 25 dB 
in sound output. 


4. Energetics 


4.1 Acoustic Impulse 


Normally, pyrotechnic compositions are de- 
signed to burn at a relatively slow rate to pro- 
duce the required physical effect (e.g., light, 
smoke, heat, gas or a delay interval). This is 
usually achieved by a combination of ingredient 
selection and formulation, and by either press- 
ing or casting the composition into a container 
so that propagation proceeds by inherently slow 
layer-to-layer thermal processes. In certain cases, 
however, the burning rate must be greatly in- 
creased to produce the required effects. 


In the case of photoflash compositions, where 
a pulse of light, sound and smoke must be pro- 
duced in a very short time (e.g., in a spotting 


Peak Acoustic Pressure of Wave Inside and Outside of Chimney 


Pressure (kPa) 


‘| —# P(resonator) kPa 


—o— P(emitted) kPa | 


15 20 25 30 


35 40 45 50 55 


Chimney Length (Function of Time) (mm) 


Figure 7. Translation of peak acoustic pressure for waves radiated from the chimney (Pemiteq) to peak 
pressure for waves trapped inside the chimney (P,esonato,). The translation is a function of chimney 
length, which varies with time as the whistle composition is consumed, and is governed by RAF (the 


resonant amplification factor). 
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charge for an artillery shell), the composition is 
filled as a loose powder into a container; greatly 
increasing the surface area available for com- 
bustion. The container provides a level of con- 
finement, which serves to increase the internal 
pressure rapidly. The high thermal output of 
photoflash compositions (over 8 kJ/g, compared 
with gun powder (Black Powder), approximately 
3 kJ/g) is a result of the use of metallic fuels 
and this, in conjunction with the other factors, 
produces a fast reaction rate (often several hun- 
dreds of metres per second) and high pressures. 
The reaction proceeds throughout the void spaces 
present in the filling and the entire mass of 
composition combusts, virtually simultaneously. 
The container ruptures and a single, high ampli- 
tude acoustic impulse is produced. Hitherto, the 
deflagration of loose, metal-fueled photoflash 
compositions has been regarded as probably the 
most energetic of the more common pyrotech- 
nic sound-producing reactions when considered 
on a mass for mass basis. 


To compare the acoustic output of loose-filled 
photoflash composition with loose-filled whis- 
tle composition, cardboard-cased test charges 
were prepared, each containing 50 mg of: 


- the magnesium fueled photoflash composi- 
tion MRL(X) 206, which contains 40% 
magnesium, 59% potassium perchlorate, 
and 1% acaroid resin and 

¢ the whistle composition MRL(X) 418. 


The electrically-initiated charges were tested 
for acoustic output; the specific impulse pro- 
duced by the charges was 1.1 and 0.76 Pa s/g, 
respectively. Because the positive phase dura- 
tion of the events was similar, the value pro- 
duced by the whistle composition can be con- 
sidered as a surprisingly high result, given the 
non-metallic nature of its fuel. It is important to 
note that the specific impulse produced by a 
single active cycle at the reaction front of con- 
solidated whistle composition is estimated to be 
about 3,500 Pa s/g (using an 11 kPa half-sinus- 
oidal pulse, a frequency of 3,000 Hz and an av- 
erage burn rate of 1 g/s).""! 


High amplitude, non-cyclic impulse sound 
can also be produced using primary explosives, 
but neither the container nor the need to use a 
loose filling is a critical requirement. This is 
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because the propagation mechanism of primary 
explosives is often detonation resulting from 
the formation of a supersonic shock wave. How- 
ever, Wilson!'! demonstrated that whistle com- 
position, when initiated with a detonator, did 
not produce an indentation in the witness 
plate—a test designed to indicate the formation 
of a detonation wave. 


Clearly, a pyrotechnic whistle device is a 
very efficient converter of chemical to acoustic 
energy, but the mechanism of sound production 
from the consolidated burning front within an 
open tube is evidently different (producing a 
greater acoustic impulse) from that when the 
composition deflagrates in the normal sound- 
producing mode (i.e., when filled as a loose 
powder and ignited under confinement). 


4.2 The Consumption of Mass 


The mass of the reactants involved in the 
production of each acoustic impulse in an oper- 
ating whistle device would normally be expected 
to be determined by the area of the burning sur- 
face and the degree of thermal energy intrusion 
into the pressed compact ahead of the reaction 
front (which is in turn determined by its gas 
permeability). However, under examination, 
pressed whistle compositions exhibited very low 
void spaces, |! a characteristic likely to limit the 
mass of composition available to contribute to 
each acoustic impulse. The mass burning rate 
figures quoted in this work for whistling 
MRL(X) 418 are average values; that is the sum 
of the mass required to produce the acoustic 
impulses and the mass consumed during the 
quiescent periods per second. It has been dem- 
onstrated (Figure 4) that the mass burning rate 
of a 12.5 mm calibre, 3000 Hz whistle function- 
ing at ambient pressure is about | g/s and that 
the lowest mass burn rate at which linear com- 
bustion is reliably sustained is about 0.5 g/s. 
But, even if it is assumed that during the quies- 
cent interval, the mass consumption rate is zero 
(e.g., a ‘smouldering’ reaction of hot carbon 
particles) and that virtually all the available 
mass of whistle composition is required to pro- 
duce the observed acoustic pulse, each single 
acoustic impulse consumes a maximum of only 
1/3000 = 3.3 x 10* g of composition. This mass, 
burning as a reaction between discrete fuel and 
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oxidiser particles, appears much too low to ac- 
count for the observed acoustic power. 


From the foregoing, pyrotechnic whistles are 
unusual as acoustic impulse generators in that: 


¢ whistle compositions contain an organic 
fuel (which would be expected to produce a 
low combustion temperature and resultant 
pressure), 

e ahigher acoustic impulse is produced from 
the reaction front of a functioning whistle 
compact than from a greater mass of the 
same composition ignited as a loose filling 
under confinement, 

¢ whistle compositions are unlikely to propa- 
gate by a cyclic detonation mechanism (in- 
ferring a relatively slow reaction rate), and 

¢ the very small mass of reactants consumed 
to produce each acoustic impulse would 
likely preclude a simple combustion process 
involving solids. 


4.3 Fuel and Oxidiser Decomposition 
Temperatures 


Thermo gravimetric analyses (TGA) of a 
typical whistle fuel (NaC7H;O; — Figure 8) and 
oxidiser (KCIO, — Figure 9) were conducted to 
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determine the relative onset decomposition tem- 
perature of the ingredients. 


At the relatively slow heating rate of the 
thermal analysis instrument (40 °C/min), the 
results indicate approximately a 350 °C dispar- 
ity between the onset decomposition tempera- 
tures of the whistle fuel and oxidiser. While the 
values of the decomposition temperatures of the 
individual ingredients may change—both when 
slowly heated as a pyrotechnic mixture in the 
TGA instrument and when heated at the greater 
rate experienced in a burning whistle—it is 
unlikely that the ingredients will decompose at 
precisely the same temperature. It has already 
been demonstrated that, within a burning whis- 
tle tube, the pressure level varies greatly with 
time; this would likely lead to concurrent tem- 
perature fluctuations between the active and 
quiescent cycles and slightly disparate ingredi- 
ent decomposition times. The fuel would con- 
tinue to decompose in a low pressure and low 
temperature environment, while the oxidiser 
component would not fully decompose until the 
incoming pressure pulse had sufficiently raised 
the temperature of the reaction front. 
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Figure 8. TGA of sodium salicylate. The analysis reveals a two-stage decomposition process 
commencing at approximately 250 °C. 
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Figure 9. TGA analysis of potassium perchlorate showing onset decomposition temperature at 


approximately 600 °C. 


4.4 Decomposition Products 


An experimental analysis of the thermal de- 
composition of selected whistle fuels in a re- 
ducing atmosphere has been performed by Wil- 
son." The dehydration reactions indicated the 
formation of highly energetic fuel species (con- 
firmed by the explosion of several of the reac- 
tion vessels that had likely admitted air during 
the experiment). While this phenomenon has 
not been directly observed at the combustion 
front of a whistle device, it is thought to be a 
key factor resulting from the oscillating burning 
environment in whistle compositions. The ob- 
servation that the whistle fuels exhibit a lower 
onset decomposition temperature than the igni- 
tion threshold temperatures of their pyrotechnic 
compositions suggests that the physico-chemical 
properties of the fuels might be altered within 
the reaction zone, immediately before ignition 
of the fuel—oxidant mixture occurs. This is not 
necessarily an uncommon phenomenon in pyro- 
technics technology and can normally occur as 
an ongoing process just ahead of the combus- 
tion front as the reactants are preheated as a 
result of the permeability of the compact, par- 
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ticularly when combustion occurs under pres- 
sure.! Consolidated whistle compositions, how- 
ever, have been demonstrated to exhibit very 
low permeability, probably due to the physical 
properties of the aromatic fuels.!"! This would 
restrict the mass of reactants involved to a thin 
layer on the surface of the consolidated compact. 


Thermal decomposition analyses in refer- 
ence | indicated the presence of the following 
combustible volatiles for potassium benzoate 
(KC7HsO02): CH4, CoH4, CoHo, C3H, CaHi0, CoHe, 
CO, and for sodium salicylate (NaC7HsOs3): 
CHg, CHa, CoHe, C3Hg, C4H jo, CoHe, CO, 
CsHsOH. The relative abundance of these spe- 
cies varied with decomposition temperature, 
and the reader is referred to reference 1 for 
complete details. It is important to note, how- 
ever, that the presence of approximately 40% 
by mass of elemental carbon or carbon com- 
pounds was found in the condensed residue. 
The residue was examined under a Scanning 
Electron Microscope (SEM) and this revealed 
that in the condensed state, the residue is mostly 
carbon and takes the form of spheroids of ap- 
proximately lum diameter (Figure 10). 
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Figure 10. SEM of carbon spheres resulting from the thermal decomposition of whistle fuel in a 
reducing atmosphere. Crushing the spheres revealed that they were hollow. 


Mechanical compression of the carbon 
spheres has provided strong evidence that at least 
some of them are hollow. This leads to specula- 
tion regarding the dynamics of the formation 
process and the nature of the gas species that 
may fill the spheres. The actual form that car- 
bon takes at the moment of the destruction of 
the aromatic ring at the elevated temperature of 
the combustion front in a pyrotechnic whistle 
can only be guessed at, but it is probable that it 
is in a finely divided state. This hot and highly 
reactive carbon, together with any combustible 
gases, which form from the aromatic fuel, would 
represent a new and relatively energetic fuel 
mixture. This, when burning under pressure in 
the oxygen gas resulting from the thermal de- 
composition of the oxidiser, might account for 
the observed acoustic efficiency and explosive 
power of pyrotechnic whistles. 


4.5 Explosive Behaviour 


The proposed ability of whistle compositions 
to form a highly reactive fuel-oxygen mixture 
under certain conditions of temperature and pres- 
sure might also explain their tendency to occa- 
sionally explode violently, for example when 
accidentally ignited as a loose powder at the 
bottom of a filling funnel or as a result of the 
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‘flash down the side’ phenomenon in a func- 
tioning whistle device (see reference 1). In both 
these circumstances, the mass of reactants is 
uncontrolled by the normal constraints of a finite 
and consolidated reaction layer, and a limited 
combustion pressure environment. Under uncon- 
trolled conditions, the production rate of the 
energetic fuel species and oxygen would likely 
become exponential—resulting in the observed 
explosions. 


So far, experimental evidence and some theo- 
retical considerations have lead to the conclusion 
that the participation of acoustic stimuli in the 
explosive failure of pyrotechnic whistles is 
unlikely. The acoustic waves tend to quench the 
linear combustion rate of whistle compositions 
and although more reactive fuel species may be 
created during the quiescent phase of the oscil- 
lating burn, they would normally be produced in 
small discrete quantities before being consumed 
in the active phase of the combustion cycle. 


The role of higher harmonics as stimulants for 
runaway reactions is virtually ruled out. First, the 
upper harmonic components are usually weak, 
and second, only the odd harmonic components 
are able to physically participate in the reaction 
control in a quarter-wave resonator. In practical 
whistle devices, such components will be well 
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above the critical cut-off frequency of the oscil- 
latory burn and will therefore be excluded. How- 
ever, in experiments with chimney extensions, 
where the fundamental burn frequency (approx- 
imately 270 Hz) was well below the cut-off fre- 
quency, switching of the burn oscillations to 
third harmonic frequency was evident (see Fig- 
ure 11) and consistent with the model. The switch 
to a higher mode frequency did not result in run- 
away reaction, though, and the behaviour could 
probably be described as preferential mode 
competition. 


Other experiments, in which strong tonal 
acoustic stimuli were externally applied to func- 
tioning whistles, demonstrated an effect on the 
reaction rate, but only by way of disrupting or 
altering the control cycle.''*! Similarly, experi- 
ments with externally applied acoustic shock 
stimuli have not had a detrimental effect on safe 
whistle performance, indicating that acoustic 
pressures are unlikely to induce fragmentation 
of the fuel—oxidiser compact. 


5. Concluding Remarks 


The acoustic model shows that acoustic pres- 
sure doubling at the reaction front may be critical 
to the coupling between acoustic waves trapped 
in the whistle chimney and the combustion 
process. Temperature and pressure switching is 
believed to control the decomposition rates of 
the whistle fuel and oxidant resulting in a two- 
stage combustion cycle. The first, quiescent 
stage, involves the decomposition of fuel to form 
highly reactive species in an oxygen poor atmos- 
phere through acoustically lowered pressure and 
temperature. The second, active stage, involves 
the rapid combustion of the new fuel species in 
an oxygen rich atmosphere through acoustically 
elevated temperature and pressure. The energy 
released in the active cycle feeds positively into 
the acoustic wave trapped in the chimney, but 
its final amplitude will be governed by the bal- 
ance of energy injected by the combustion and 
the radiation and visco-thermal losses. Further- 
more, the internal wave amplitude cannot ex- 
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Figure 11. Spectrogram of whistle output for an experiment with a 450 mm chimney extension. It 
shows the peaks of the whistle spectrum as a function of time and a harmonic cursor has been laid 
over the temporal spectrum lines. The first harmonic frequency is at approximately 270 Hz. A strong 
switch to oscillation at the third harmonic frequency is evident at the 2 s marker, and at 3.8 s (position 
of cursor) the first harmonic is extinguished while the third harmonic component continues—together 
with its non-linearly generated overtones—until the composition has burnt out. 
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Sensitiveness of Pyrotechnic Compositions 


Dave Chapman 
Health and Safety Laboratory, Harpur Hill, Buxton, UK 


1 Introduction 


Pyrotechnics (along with explosives and pro- 
pellants) can respond to mechanical and electri- 
cal stimulation. They may be designed to be 
initiated in this way (e.g., cracker snaps) or this 
may be an accidental response to mishandling. 
The latter is becoming widely known as sensi- 
tiveness"! and is the subject of this chapter. 


1.1 The Term Sensitiveness 


The term “sensitiveness” derives from the 
Sensitiveness Collaboration Committee (SCC) 
of the UK Ministry of Defence,'”! which pro- 
duced a manual describing the apparatus and 
procedures used to assess the safety of “energetic 
materials” (explosives, propellants and pyro- 
technics) for UK Service use. Particular attention 
is drawn to pyrotechnics as it is often impossi- 
ble to predict their sensitiveness since a number 
of key parameters (e.g. particle size, granular- 
ity, material purity) exert an influence on the 
material’s response. Sensitiveness is a measure 
of a composition’s response to mechanical stim- 
uli (impact and friction) and to electric spark. All 
three have implications for the safe handling of 
pyrotechnic compositions (or any other explo- 
sive material) particularly in manufacturing pro- 
cesses where the composition will be exposed 
and vulnerable. The term sensitiveness is used 
to differentiate the response to accidental stimu- 
lus, and the term sensitivity is used to designate 
the response to the designed stimulus, mainly 
flame and spark for pyrotechnic materials. In 
terms of safety, a pyrotechnic composition 
should have high sensitivity to flame and low 
sensitiveness to impact, friction and electric 
spark. 
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1.2 Accident Statistics 


There have been several studies attributing 
accidents involving explosive materials (pyro- 
technics, propellants and explosives) to their 
primary cause. McIntyre! published a survey 
of accidents in the US pyrotechnic industry, 
collecting data from 577 ignitions. The majority 
of ignitions were attributed to the application of 
friction to the materials. Similar work by Pape 
and Napadensky"**! covering 389 incidents in 
the USA found that friction was, again, the ma- 
jor causal stimulus for the accidental ignition of 
explosives and propellants during processing. 
In a later study of UK incidents undertaken for 
the Health and Safety Executive (HSE), Bailey 
et al.'°! reported similar results from accidental 
ignition of pyrotechnics. Table | lists the results 
reported by the three sets of workers for pyro- 
technic materials. 


Table 1. Causal Stimuli for Accidental 
Ignition of Pyrotechnics. 


Percent of Ignitions 
Caused by Stimulus 


McIntyre | Pape and 
Napadensky | etal. 


Stimulus 


1.3 Context of Sensitiveness within Safety 
Testing 


A much wider set of tests is applied in the 
United Nations (UN) scheme for the transport of 
dangerous goods!”! (UN “Orange book”) where 
Test Series 3 considers the impact and friction 
sensitiveness of explosives, propellants and py- 
rotechnics in ascertaining their safety in trans- 
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port. Under European Community (EC) legisla- 
tion, sensitiveness values measured on the Bun- 
desanstalt fiir Materialforschung und — prifung 
(BAM) mechanical sensitiveness tests (impact 
and friction) are used in assessing: safety for 
notification and supply of bulk materials,'*! 
standards for the use in the classification of civil 
sector explosives"! and in the control of major 
hazards involving dangerous substances. '"°! 


2 Standard Sensitiveness Test 
Apparatus 


There are numerous sensitiveness test appa- 
ratus that have all been developed to answer the 
question “is the material acceptably safe?”. To 
a large extent each unit will have been devel- 
oped independently of the other apparatus de- 
signed to measure the same property. Gradually 
the BAM mechanical sensitiveness tests have 
become the most widely used “standard test” 
for mechanical sensitiveness mainly due to their 
being the ‘recommended test’ in the UN Trans- 
port scheme and their inclusion in EC legisla- 
tion and use in European Standards. 


2.1 Impact Tests 


All impact tests operate on a similar princi- 
ple. This involves the dropping of a weight onto 
a sample. All impact machines will have a 
weight (either a single weight or one from a 
series) that falls from predetermined heights. 
Rails will generally guide the falling weight and 
the sample is held in some form of consumable 
container. The differences come in the detail of 
mass used and the extent of confinement in the 
consumable. Figure | shows a schematic dia- 
gram for an impact test machine. 


The UN scheme cites six impact tests in test 
series 3: 

3(a) (i) Bureau of Explosives impact machine, 
3(a) Gi) BAM Fallhammer, 

3(a) (iii) Rotter Test, 

3(a) (iv) 30 kg Fallhammer, 

3(a) (v) Modified Type 12 Impact Tool, and 
3(a) (vi) Impact Sensitivity Test 


Tests from this set are intended to be used to 


assess the effect of accidental impact on explo- 
sives. Highly sensitive materials would be more 
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Figure 1. Schematic diagram of an impact 
sensitiveness test machine. 


prone to accidental initiation than less sensitive 
materials. Transport or handling of highly sen- 
sitive materials is probably a more risky activity 
than storing the material. Hence a material may 
be acceptable in storage in a sensitive form, 
while handling the material may require remote 
facilities. Transport may require specific pre- 
cautions in the form of dilution or particular 
packaging to comply with the requirements of 
the UN scheme. 


The tests differ in their approach to the ap- 
plication of the impact stimulus and each test 
has its own acceptance criterion for transport. 
However, the general principle is that of drop- 
ping a mass onto explosives either directly or 
via an intermediate striker. The sensitiveness 
values will give an indication of the ease of ini- 
tiation (ignition for most pyrotechnics) when 
working with the material. Certainly a series of 
data on a single apparatus would allow a set of 
pyrotechnic compositions to be ranked for their 
safety in handling. This would be very relevant, 
for example, where compositions were being 
pressed using traditional rod and mallet. 
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2.1.1 Bureau of Explosives Impact Machine 


This test measures the drop height required 
to produce a 50% probability of initiation of a 
sample, Hs. The apparatus drops a 3.63 kg mass 
(presumably the test started with an 8 lb drop 
weight) between two parallel cylindrical guide 
rods. The weight falls onto an assembly con- 
taining 10 mg of material. The production of a 
report (sound) or flame is taken as an “explo- 
sion”. Materials are considered safe for trans- 
port if there are less than five ignitions from a 
set of ten tests undertaken at a drop height of 
10.0 cm (i.e., a Hs9 of 10 cm or less is consid- 
ered too dangerous for transport in the form 
tested). Borderline materials may well undergo 
a larger series of drops using a “Bruceton” 
method!''! (see section 3.2) to more accurately 
measure Hsp. 


2.1.2 BAM Fallhammer 


The BAM Fallhammer takes a similar ap- 
proach to the Bureau of Explosives Impact Ma- 
chine. Two rails guide the weight as it drops, in 
this case a tooth and ratchet mechanism catches 
the weight when it rebounds. The machine uses 
three different masses (m), 1, 5 and 10 kg and a 
series of heights (4) to generate a series of “im- 
pact energies” (e) ranging from 1 J through to 
50 J. The impact energy is calculated using e = 
mgh, taking g, the acceleration due to gravity, 
as 10 ms”. 


Powdered samples are sieved before use. 
The fraction passing through a 500 um sieve is 
used for the test. This sample should also be 
representative of the bulk material. If one com- 
ponent were in larger-sized particles, this would 
not be the case. This is unlikely for most pyro- 
technic composition but additional grinding of a 
component may possibly be required to give a 
“representative sample”. 


The mass falls onto an assembly consisting 
of two roller bearings in a collar containing 
40 mm? of sieved sample. The production of a 
report or flame is again taken as indication of 
ignition. The BAM methodology generates a 
limiting impact energy (LIE) that is the lowest 
energy that produces at least one ignition in a 
set of six test (approximately 17% probability 
of reaction) with the next lower energy giving 
no ignitions in a set of six tests. LIE values of 


Pyrotechnic Chemsitry 


Chapter 17 — Page 3 


2 J or less indicate that the material (pyrotech- 
nic composition) is too dangerous for transport 
in the form in which it was tested (i.e., as a 
loose material for pyrotechnic compositions). 
However, this test is only a screening test and 
transport of the material may be allowed fol- 
lowing further series of trials on packaged ma- 
terial. 


2.1.3 Rotter Test 


This test is slightly different in approach to 
the sample containment. There is deliberate 
clearance for material to flow during the test 
that is not present in either of the previous two 
test methods. Again a mass, 5 kg for solid sam- 
ples, is dropped onto an assembly consisting of 
a brass cap and steel anvil. The sample, 
30 mm’, is placed into the cap and a pip in the 
anvil inserted. The assembly can then be turned 
through 180° and inserted into the housing. The 
housing is then closed and the drop weight falls 
onto an intermediate rod that transfers the im- 
pact onto the sample. Being a closed system 
connected to a gas manometer, gas volume 
change is the normal criterion for an ignition. 
For non-gassy mixtures the presence of a tran- 
sient gas volume and smoke on opening the 
housing can also be used to identify an event. 
The response is assigned as a “go” or “no go”, a 
“oo” being the generation of 1 cm® or more of 
gas and/or smoke in the housing. 


A drop height for 50% probability of initia- 
tion is found by a Bruceton method (see section 
3.2). This is compared to Hso produced by a 
“standard” RDX sample and a “Figure of Insen- 
sitiveness”, Fol, is calculated. The Fol is de- 
fined by: 


Fol = 80 x F055 (ample) 


50 (RDX) 


Any material having a Fol result that is < 80 is 
regarded as + in the UN test and “the substance 
is considered too dangerous to transport in the 
form in which it was tested”. 


The SCC manual divides explosives into 
categories based on the value of Fol: 


e materials with Fol < 30 are classed as very 
sensitive, 
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e materials with Fol 35 to 90 are classed as 
sensitive, and 


¢ those materials with FoI > 90 are classed 
as comparatively insensitive in their re- 
sponse to impact. 


The Rotter test is often the preferred impact 
sensitiveness test for incident investigation as it 
probably reflects processing conditions more 
accurately than a pure impact (adiabatic com- 
pression) test. This is because the test involves 
motion of the sample around an edge. 


2.1.4 30 kg Fallhammer Test 


The 30 kg Fallhammer test employs an open 
test sample. The material is placed into a steel 
tray, 150 x 50 mm, to a depth of 8 mm and the 
30 kg mass, with a defined curved base, is 
dropped onto the sample such that it impacts with 
the sample 25 cm from one end. An event is 
determined by the production of an ignition and 
its propagation through at least 100 mm of ma- 
terial from the point of impact. Sets of three tests 
are performed to find a limiting drop height 
(i.e., the height at which no ignitions occur in a 
set of three drops). Materials with limiting drop 
heights of less than 75 mm are considered too 
sensitive to transport in the form tested. 


2.1.5 Modified Type 12 Impact Tool 


The modified type 12 impact tool confines 
30 mg of sample between an anvil with 32 mm 
diameter surface and intermediate mass. A sec- 
ond mass is then dropped onto the intermediate 
mass to produce the impact on the sample. 
Combinations of drop masses (1.0, 1.5, 1.8 and 
2.0 kg) are employed with intermediate masses 
of 1.5, 2.0 and 2.5 kg. Particularly insensitive 
samples are tested with garnet paper placed on 
the anvil. Typically a combination of a 1.8 kg 
drop mass and 1.5 kg intermediate mass are 
used for RDX, and a Bruceton method is used 
to determine Hs for the sample. If Hs for the 
sample is less than or equal to that of RDX then 
the material is considered too sensitive for 
transport in the form tested. 


2.1.6 Impact Sensitivity Test 


The impact sensitivity test uses a similar 
system to the BAM impact test in placing 
100 mg of sample between two roller bearings 
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in a collar. However, in this case, the sample is 
pressed hydraulically (290 MPa) prior to test. A 
10 kg mass is dropped from a series of heights 
to ascertain the height at which no ignitions are 
obtained in a set of 25 drops. A material with a 
lower limit of less than 100 mm is taken to be 
too sensitive for transport in the form tested. 


2.1.7 Additional Methods Described in the 
Encyclopedia of Explosives 


The Encyclopedia of Explosives and Related 
Items''?! describes a number of impact machines, 
some of which are described above. The addi- 
tional methods described are the Bureau of Mines 
Impact Apparatus and the Picatinny Arsenal Im- 
pact Apparatus. 


The Bureau of Mines apparatus employs a grit 
blasted cup and striker to hold the sample. Drop 
weights of 1, 2 and 5 kg are employed. Median 
drop height (Hs0) is found for the sample. 


The Picatinny Arsenal Impact Apparatus uses 
2kg, 1 kg and a 1 lb drop weight, which fall 
onto a sample held in a small cup, capped with 
a brass cap and topped off with a vented plug. 
The lowest drop height that gives at least one 
initiation in ten drops on a fresh sample is 
found. There should be no initiations at a 1 inch 
lower drop height. 


2.2 Friction Tests 


All current UN friction tests operate on 
similar principles — a sample is generally held 
between two friction surfaces and, while a force 
is applied to the friction surfaces, one of the 
surfaces is moved generating dynamic friction 
between the surfaces and the sample. Alterna- 
tive methods utilise a pendulum. This allows 
one of the surfaces to swing across the sample 
placed on a fixed friction surface. Figure 2 
shows a schematic diagram for a friction test 
machine. 


There are three tests described in the UN 
Orange book and a further test is described in 
the SCC manual: 


3 (b) (i) BAM Friction Apparatus 
3 (b) (11) Rotary Friction Test 
3 (b) (av) Friction Sensitivity Test 


SCC test No 2 Mallet Friction Test 
(described in section 2.4.2) 
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Figure 2. Schematic diagram of a friction 
sensitiveness test machine. 


The UN test 3(b) (iii), the ABL friction test, 
was removed from the UN scheme. 


All tests are assessing a material’s response 
to an accidental frictional stimulus. Such data 
will have relevance in grinding operations and 
in pressing where the materials may rub against 
the surface of the formers. While the accep- 
tance criteria applied in the tests are primarily 
to assess suitability for transport, the informa- 
tion generated will give an indication of the 
hazards posed in handling and processing the 
materials. 


2.2.1 BAM Friction Test 


This is the recommended test for assessing 
friction sensitiveness in the UN scheme and 
comprises two porcelain surfaces, one a moving 
plate and the other a fixed peg with defined 
curvature. The plate has a grain due to rubbing 
with a sponge prior to firing the ceramic. The 
specified surface roughness is currently 9 to 
32 um. There is no specification as to how the 
measurement is made. Using modern equip- 
ment and specifying the mode of surface meas- 
urement is likely to change the value meas- 
ured.''*! The plate is placed in the machine such 
that the relative motion of the plate and the peg 
produces motion across the grain. 


The sample (10 mm*) is placed on the plate 
and the peg lowered onto the material. A mass 
is hung along a loading arm to apply pressure to 
the sample between the surfaces. An electric 
motor is used to move the plate 10 mm forward 
and then back. Ignition of the sample (flame or 
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spark), crackling or a report is taken to be an 
“explosion”. Other responses are decomposition 
or no reaction, both of which count as a non- 
event. 


Using the series of masses and varying posi- 
tions along the loading arm produces loads in 
the range of 5 to 360 N with varying step size 
(larger step sizes at greater loading). Normal 
usage applies only the loads generated with the 
masses at the end of the loading arm (10, 20, 
40, 60, 80, 120, 160, 240 and 360 N) and the 
smallest mass on the inner position (5 N). Addi- 
tional information can be gained by use of in- 
termediate values that can be obtained using the 
other positions on the loading arm. 


A limiting load is determined using fresh 
material and a new surface for each test. The 
limiting load is the greatest load that will give 
no ignitions with the next level producing at 
least one positive event in six trials with fresh 
sample. For military pyrotechnics the load for 
50% probability (L509) is often found rather than 
the limiting load. Any material with a limiting 
load less than 80 N is considered too sensitive 
for transport in the form tested. 


2.2.2 Rotary Friction Test 


The rotary friction test employs steel friction 
surfaces; one a block, the other a wheel. Both 
are prepared to a surface roughness (Ra) of 3.2— 
4.0 um by grit blasting. The applied frictional 
stimulus is varied by altering the speed of rota- 
tion and, normally, using a fixed applied pres- 
sure of 0.275 MPa. The rotational velocity for a 
50% probability of ignition (Vso) is found for a 
material by a Bruceton method using fresh 
sample and clean surface for each test. This is 
compared with the V5 for “standard RDX” and 
a figure of friction (FoF) found as: 


Vv 
FoF = 3.0 x 50 sample 


50 RDX 


Any material with FoF of 3 or less is considered 
too sensitive to transport in the form tested. 


The metal surfaces can be resurfaced by grit 
blasting the surfaces. The wear on the wheel 
needs to be considered in the assessment of 
FoF. Over time, the reduction in diameter will 
effect the rotational velocity. The test method 


Sensitiveness Testing 


makes allowance for this and applies limits be- 
yond which the wheels require replacement. 


2.2.3 Friction Sensitivity Test 


The friction sensitivity test applies a pres- 
sure between the ends of two roller bearings 
with 20 mg of sample between and a pendulum 
strikes a pin to provide the motion. As the re- 
taining pressure increases there is a correspond- 
ing increase in the angle through which the 
pendulum falls prior to striking. A lower fric- 
tion limit is found. This is the maximum pres- 
sure between the roller bearings that does not 
give any ignitions in a series of 25 tests. Igni- 
tions are taken as an audible effect, flash or 
burn trace on the roller bearing surface. 


Any material with a lower friction limit of 
less than 200 MPa is considered too sensitive 
for transport in the form tested. 


2.2.4 ABL Friction Test 


The friction surfaces in the ABL friction test 
are a Stationary steel wheel and a sliding steel 
anvil. Sample is spread on the anvil to form a 
track, the wheel is then lowered and a force ap- 
plied. Motion (0.9 m s’') is generated by releas- 
ing a pendulum that hits the anvil. The highest 
compressive force that gives no positive results 
in 20 trials is found, this is known as the 
“Threshold of Initiation” (TIL). Any material 
that produces a TIL greater than that of PETN 
(184 N) is deemed to be fit for transport (i.e., 
any material with a TIL of <184 N is consid- 
ered too sensitive for transport in the form 
tested). 


2.2.5 Torpedo Friction Test 


A different approach is used in the Torpedo 
Friction Test.''*! The sample is placed on an 
anvil and struck a glancing blow from sliding a 
metal torpedo down an inclined V-guide. Typi- 
cally an angle of 80° is used and the height to 
produce an initiation is found. The head of the 
torpedo and the anvil can be varied to investi- 
gate the friction sensitiveness of the material 
with the materials that could be used in, for ex- 
ample, production machinery. 
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2.2.6 Closed Friction Test 


Chapman!"*! is developing a closed friction 
test. Current standard tests are essentially “open 
tests” in as much as the gasses produced are 
free to escape from the apparatus. This test is 
designed to identify gas release from insensitive 
materials or where determining a positive result 
by the conventional flash or bang is difficult. 
This test houses the friction plates within a 
brass enclosure. A force is applied pneumati- 
cally between the two plates and motion applied 
by using a drop weight. The enclosure is con- 
nected to a manometer to measure gas volume 
change as used in the Rotter test. This apparatus 
is currently at the proving stage. 


2.3 Electrostatic Tests 


There are no UN transport classification 
tests for electrostatic sensitiveness. Different 
centres have developed different tests, all based 
on passing an electrical discharge through the 
material under test. The charge is stored in a 
capacitor of known value charged to a known 
high voltage. Then the energy of the discharge, 
assuming no loss, 1s: 


E=%cCV? 


where F is the energy in Joules, C is the capaci- 
tance, and V is the voltage. 


The electrode arrangements are the main dif- 
ference between one test and another. These 
vary from two flat surfaces as electrodes, to one 
flat electrode and the other selected from a 
range including the point of a needle and a de- 
fined curved surface. The shape of the electrode 
will affect the resulting energy required to initi- 
ate the pyrotechnic material. 


One such system is described in the Ency- 
clopaedia of Explosives and other Related 
Items''®! where a charged capacitor is dis- 
charged through a sample using a “phonograph” 
needle. The other electrode is a steel plate. Us- 
ing this system Blackpowder [passing through a 
100-mesh (150-lum) sieve] was reported to not 
produce ignitions up to 12.5 J while magnesium 
powder varied from 0.007 to 12.5 J, presumably 
depending on the particle size. A material pro- 
ducing a result of no ignitions up to 12.5 J in 
this apparatus would be considered to be rela- 
tively insensitive to electrostatic discharge. 
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Figure 3. Schematic representation of the electrodes used in Matsuzawa’s work. 


At the other extreme the apparatus described 
in the Sensitiveness Collaboration Committee 
publications”! employs two copper foils as the 
electrodes separated by a 3.175 mm (1/8 inch) 
polythene strip. A series of capacitors are ar- 
ranged to produce discharge energies of: 0.045, 
0.45, and 4.5 J. Materials requiring an energy 
greater than 4.5 J are regarded as “insensitive”, 
those from 4.5 to 0.45 J as “comparatively in- 
sensitive”, 0.45 to 0.001 J as “sensitive” and 
any composition requiring less than 0.001 J is 
regarded as “very sensitive”. 


These classifications were applied by Ma- 
tsuzawa et al.!'”! to a range of fireworks compo- 
sitions tested using two different “Electrostatic 
Sensitivity Testing Apparatus” and a selection 
of electrodes. Both systems consisted of a high 
voltage source, capacitor and electrodes to form 
the gap for the test material. The main differ- 
ence was the use of a relay in one and a pendu- 
lum switch in the other. Two closed electrode 
configurations were used. In one electrode sys- 
tem two stainless steel electrodes were sheathed 
within a 4 mm diameter Teflon tube. The faces 
of the stainless steel were turned down below 
the 4mm diameter and sanded to give a flat 
surface with rounded edge. A gap of 1 mm was 
employed. The alternative closed electrode sys- 
tem used brass electrodes set within a 2mm 
diameter Teflon tube. In this case there was one 
flat electrode and a 2mm diameter spherical 
electrode. The final electrode system is open 
and consists of a brass plate as one electrode 
and a spherical brass electrode (3 mm diameter) 
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as the other. This has the sample in a hole in a 
Teflon sheet held using Mylar tape. The elec- 
trode systems are shown in Figure 3. 


2.4 Ad Hoc Test Methods 
2.4.1 Portable Impact Tester 


The BAM impact test criterion for transport 
is a limiting load of 2 J or greater. This is at the 
lower end of the capability of the machine to 
measure and is produced by a | kg mass falling 
20 cm. The machine uses three different masses 
and various drop heights. However, if it is only 
a pass/fail test that is required, then a 2 J drop 
can be readily achieved without the complica- 
tion of the full sized apparatus. Such a device 
was developed by Chapman"*! for use in the 
field to assess impact sensitiveness of materials 
that may, for example, have been affected by a 
fire prior to transport for full test (i.e., they 
were of uncertain sensitiveness and could have 
posed a hazard in transport). 


To ease testing, the use of standard BAM 
consumables (collars and roller bearings) and 
parts of the full scale BAM apparatus were 
used. A fixed height drop of 20 cm and a 1 kg 
mass are used to generate the 2 J drop energy. 
A Perspex tube, which also provides part of the 
protection for an operator, guides the weight 
onto the BAM consumables containing the test 
sample. The methodology used is that of the 
full sized BAM test (i.e., up to six drops at 2 J). 
Any material that does not give an initiation 
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would be assumed to be suitable for transport in 
the form tested. 


2.4.2 Mallet Friction 


A corresponding (semi-portable) test for 
friction is provided in the mallet friction test. 
This uses a series of anvils and mallets to assess 
the response of an explosive (pyrotechnic) to 
friction. The test, additionally, assesses the re- 
sponse to different combinations of friction sur- 
face, the full list of surface combinations are: 
steel on steel, nylon on steel, wood on soft- 
wood, wood on hardwood, wood on Yorkstone. 
The Yorkstone anvil, for example, is said to 
simulate the effect of powdered pyrotechnic on 
a concrete floor. The steel anvil and mallet are 
representing the situation in processing machin- 
ery where there could be steel to steel rubbing if 
the mechanism is not set correctly. 


To carry out the test the powdered material 
is spread in a thin strip on one of the anvils and 
struck with an appropriate mallet. The blow is 
required to be glancing to impart rubbing fric- 
tion stimulation rather than a direct blow that 
would be mainly impact. The test will to an ex- 
tent be operator dependent due to the need to 
produce the glancing blow with minimum im- 
pact contribution. A series of ten strikes are 
used. Any strip of sample can be struck up to 
five times. Results from this test are included in 
Table 6 later in this chapter. 


2.4.3 Hammer Test 


Ofca!'*! uses an ad hoc test to give a subjec- 
tive “feel” of the sensitiveness of pyrotechnic 
compositions. In the “hammer test” small por- 
tions of pyrotechnic are placed on a steel plate 
and hit with the ball end of a steel ball-peen 
hammer. The pyrotechnic is hit with increasing 
force until initiation occurs. This will give an 
indication of impact sensitiveness. 


A similar friction test uses the flat of the 
hammer head. Again small portions of the pyro- 
technic are placed on the steel plate and this 
time the hammer is gently placed on the sample 
and pushed down while the hammer shaft is 
moved to rotate the head. By increasing the ap- 
plied force an indication of the friction sensi- 
tiveness is made. 
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While both methods are uncalibrated and 
probably cannot be cross-correlated with other 
methods, the simplicity of the test does have an 
attraction for amateur pyrotechnists. 


2.5 Non-Ambient Test Methods 


Current sensitiveness methods are per- 
formed at ambient temperature. Many process- 
ing operations may well result in the material 
being heated either deliberately or more likely 
due to work being performed on the material. 
The UK Health and Safety Executive has 
funded work involving the development of ele- 
vated temperature mechanical sensitiveness test 
units. 


2.5.1 Elevated Temperature Impact 


Jarman and Formby!'”! reported the devel- 


opment of an elevated temperature impact sen- 
sitiveness test machine. This had elements of 
both the BAM and Rotter machines. Both BAM 
or Rotter consumables could be used to hold the 
sample. The consumables, with explosives, were 
then placed into a housing very similar to that 
of the Rotter machine with heating elements 
incorporated. The sample was allowed to attain 
the test temperature before impact testing. As 
the housing produced a closed system it was 
possible to use the gas generated as evidence of 
the composition having ignited. 


Results”! obtained indicated that, for explo- 
sives that do not undergo a phase change (melt- 
ing), median drop height (Hs) reduced with 
temperature. Interestingly, where TNT was a 
constituent, the material became less sensitive 
above the TNT melting temperature. No pyro- 
technic materials were tested. 


2.5.2 Elevated Temperature Friction 


In a similar study the effect of temperature 
on friction sensitiveness was investigated by 
Miles et al.”'?! The apparatus developed was 
similar to a BAM system in that it used a lever 
arm to provide the frictional load to the sample. 
The friction surfaces were an adhered ground 
glass on Perspex plate and a roughened metal 
wheel. Motion was provided by a pneumatic 
piston that accelerated a mass on the end of the 
actuator, this after accelerating, struck a free 
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moving trolley loaded with the friction plate 
and sample. 


Results!*?! suggest that the explosives, pro- 
pellants and pyrotechnic tested increase sensi- 
tiveness with increased temperature. Red star 
(strontium nitrate in a urea-formaldehyde binder) 
was reported as having a reduced Ls at 50 °C 
compared with the ambient result. At 50 °C, the 
formulation was initiated with a probability 
greater than 50% at the lowest available load, 
indicating that it had become extremely sensi- 
tive compared with a result of a 1 kg load at 
ambient. 


While little work has been carried out on py- 
rotechnics, some general principles can be iden- 
tified from the available information. It is likely 
that most pyrotechnic compositions would be- 
come more sensitive to mechanical stimulus as 
the temperature increases. However, there may 
well be cases where a binder or other additive 
softens or melts as the temperature increases. 
Such materials may well have a discontinuity in 
their sensitiveness vs. temperature graph, and 
there could be a decrease in sensitiveness at or 
about this temperature. Further work would be 
required to identify such materials. 


3 Sensitiveness Test Result 
Treatment 


All sensitiveness tests depend on the reac- 
tion of a set of samples to a series of energy 
inputs. Each individual sample is subjected to a 
given input level and as a result it will or will 
not initiate. Test methods then determine a level 
of response that is deemed to be acceptable. 
This can be a level at which there are no initia- 
tions in a given set, or some level of probability 
(e.g., 1 in 6 or 50%). Generally, these levels are 
set against criteria developed over many years 
of experience and often use comparisons to a 
material (e.g., RDX) that is accepted as a stan- 
dard. 


3.1 Limiting Values 


Limiting values are used in the BAM Fall- 
hammer, 30 kg Fallhammer and the impact sen- 
sitivity test. Of these the BAM Fallhammer test 
sets a level of one ignition in a set of six with 
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the next level of stimulus giving no events in a 
set of six. The other two limiting values tests 
are no ignitions in three sets and no ignitions in 
25 sets, respectively. There is no published data 
for pyrotechnic compositions examined using 
all three tests; however, results for the explo- 
sive RDX have been reported. Dry RDX is 
deemed fit for transport in the BAM Fallham- 
mer test, but not in the 30 kg Fallhammer or 
impact sensitivity test. 


Similarly, in the friction tests there are limit- 
ing loads. The BAM test uses a one in six limit 
with the next level giving no ignitions. The im- 
pact sensitivity test requires no ignitions in 25. 
In both tests, dry RDX is deemed fit for trans- 
port. 


3.2 Bruceton Method 


The Bruceton method provides a means of 
investigating the 50% probability of an ignition. 
A starting stimulus is obtained in a short pre- 
test, which indicates levels of stimulus that give 
both ignition and non-ignition. Each sample 
then receives a stimulus depending on the pre- 
vious outcome. If the previous sample was ig- 
nited, then the stimulus level moves down a 
step, and if no ignition was obtained, then the 
stimulus level moves up a step. In this way the 
testing should be on or about the 50% probabil- 
ity of initiation of the material. The Bureau of 
Explosives, Rotter and the modified type 12 
impact test all use a Bruceton method. Using 
this method, dry RDX is deemed unfit for 
transport. 


The Bruceton method is employed in the ro- 
tary friction test. Dry RDX is deemed fit for 
transport on the basis of this test. 


3.3 Probit Analysis 


Tests where there are two possible outcomes 
(e.g., an explosion or not) or in the case of a 
biological example, a fatality or not, the re- 
sponse to a stimulus generally follows a sig- 
moid curve when the probability of the re- 
sponse is plotted against the level of stimulus. 
Probit analysis'**! transforms this response curve 
into a straight line allowing assessment over the 
whole probability range from a limited set of 
stimulus levels. Such an approach is commonly 
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Figure 4. General response curve for probability of an event against stimulation level. 


used in estimating the LDso levels for insecti- 
cides and “safe” levels for therapeutic drugs. 
Figure 4 illustrates the general shape of a sig- 
moid response curve and the transformed data 
that have been converted to a straight probit 
line. 


When applied to an explosive property, the 
data collected allows the probability of explo- 
sion at any level of stimulation to be calculated. 
Other methods tend to find the stimulation re- 
quired for a single (fixed) probability (e.g., the 
50% level by the Bruceton method). Probably 
more importantly, the use of a Probit analysis 
allows estimation of the stimulation level re- 
quired for low (accident type) probability, 
which none of the other methods provide. For 
example, two compositions may have the same 
stimulation level for a 50% probability of initia- 
tion. But, one may have a greater probability of 
initiation with a low stimulation level. This is 
found from the gradient of the Probit line. 


4 Comparison of Test Methods 


There are a few sources of comparative data 
for different test methods. The UN “Orange 
Book” gives a limited number of test results for 
each of the described tests. Finding a sample 
that is common to all tests is not easy, particu- 
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larly if pyrotechnics are of interest; explosives 
are a little easier. This is probably due to the 
interest in sensitiveness of military composi- 
tions. 


4.1 UN Orange Book Comparisons 


Each of the tests described in the UN Rec- 
ommendations on the Transport of Dangerous 
Goods Manual of Tests and Criteria (UN Or- 
ange Book)'”! has a set of specimen results. Un- 
fortunately for those working with pyrotechnics 
there are very few results quoted for such mate- 
rials. The bulk of the results are for explosives 
and energetic materials (i.e. materials that have 
marginal explosive properties but are not in- 
tended as explosives). The only material com- 
mon to all impact tests is RDX, which interest- 
ingly is very close to the borderline on all tests 
and is reported as acceptable for transport in 2 
of the tests but not in the other 3. Table 2 sum- 
marises the results for RDX. 


A similar problem is encountered with the 
friction tests in the UN Manual, in that the ma- 
terials for which sensitiveness values are quoted 
are explosives. However, a larger number of 
materials appear in the three lists. TNT (a fairly 
insensitive explosive) RDX, and lead azide (a 
primary explosive) are all found. Table 3 sum- 
marises the data from the UN Orange book. 
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Table 2. Comparative Results, UN Impact Testing of RDX. 


UN Test for Impact Test Result UN test designation 


BAM Fallhammer 
Rotter 


Modified No. 12 Impact Tool 
Impact Sensitivity Test 


+ indicates that a material is too dangerous for transport in the form in which it was tested. 


Under all three tests lead azide is deemed to 
be too sensitive for transport in the form in 
which it was tested while the other two explo- 
sives are not. 


4.2 Encyclopedia of Explosives Comparisons 


The Encyclopedia of Explosives gives com- 
parative data for a series of explosives using the 
Type 12 Impact Tool, the Bureau of Mines Im- 
pact Apparatus and the Picattiny Arsenal appa- 
ratus. No pyrotechnic is reported. Interestingly, 
the study shows that the same equipment used 
in different laboratories produces different re- 
sults. There are results from three apparatus 
measuring Hs) for RDX. The Type 12 Impact 
Tool produced Hs9 of 22 and 24 cm at different 
centres, 79 cm was reported using the Bureau of 
Mines Impact Apparatus. Similar data for the 
Rotter Impact test indicated Hs to be 98 cm for 
military grade RDX and 104 cm for “Standard 
RDX”. Using the Picatinny Arsenal Impact Test 
Apparatus, drop heights of 32 cm and 8 inches 
(approximately 20 cm) were reported for 10% 
initiations (more correctly at least one in ten 


70 mm (lower limit in assembly 2 


initiations with no initiation at 2.5 cm lower 
drop height). This clearly indicates that the dif- 
ferent test apparatus apply a different propor- 
tion of the impact energy to the sample but also 
that different apparatus of the same type may 
well also perform differently. 


4.3 Comparative Studies 


Bowes"*! has reported comparative testing 
for both impact and friction sensitiveness of 
pyrotechnic compositions using a series of the 
test methods. Unfortunately no composition de- 
tails are presented. Impact comparison is made 
between the Bureau of Explosives Apparatus 
(number of ignitions in ten from 102 mm) and 
the Modified Type 12 Impact tool (Hs) and 
BAM impact (limiting impact energy) showed 
that there was a general agreement in ranking of 
the explosives between the different tests. A 
composition found to be sensitive in one test 
was, generally, sensitive in the others. Com- 
parison of the Torpedo Friction Test (H5o) and 
the BAM Friction Apparatus (limiting load) also 
showed similar general agreement between the 


Table 3. Comparative Results, UN Friction Testing. 


UN Test for Friction Test Result UN Test Designation 


BAM 
Lead azide Rotary Friction 
Impact Friction Test 


+ indicates that a material is too dangerous for transport in the form in which it was tested. 
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Table 4. Comparison Results for BAM and Rotter Tests from Biers et al. 


| Rotter consumable in 


Blackpowder 20 20 
(KNO3 75%, Charcoal 15% Sulfur10%) | == | 


Mg-Al alloy, oxidiser, binder 


Table 5. Apparatus Comparison from Biers. 


Fallhammer 1 Fallhammer 2 Fallhammer 3 cent 4 


Waterfall 


Air bomb 
Whistle 
Flash 


tests. Individual compositions could, however, using BAM Impact apparatus at different cen- 
show an anomalous result on one method com- tres included four fireworks compositions. No 
pared to the others. formulations were given. Table 5 lists the re- 
Biers et al.”°! undertook a study to investi- au 
gate the differences in the BAM and Rotter im- In all the tests, except those with flash com- 
pact tests. Both apparatus were used with both position, the results obtained are within 2 
sets of consumables to give a matrix of 4 possi- “BAM steps”. Taking the air bomb composition 
ble test conditions, BAM consumables on the as an example, the consecutive impact energies 
BAM and Rotter apparatus and Rotter consum- tested are 15, 20 and 25 J. Operating at one ig- 
ables on both. Limiting impact energies (LIE) nition in six, it would be expected that there 
are reported in three cases, and the median im- would be some statistical variation in the result 
pact energy (MIE) (derived from Hs) was re- obtained due to the limited number of samples 
ported for the Rotter consumables on the Rotter tested. The results with flash composition may 
apparatus. Three pyrotechnic compositions were well reflect some other extraneous influence 
included in the study and the results are repro- such as moisture content, which could be de- 
duced in Table 4. pendent on the ambient conditions such as rela- 


Further work?” comparing the impact sensi- tive humidity. 


tiveness values obtained by different operators 


Table 6. Test Comparison from Mullenger. 


Composition Insensitiveness (Fol) | Energy (MIE) (Eso, J) Energy (LIE) (J) 
Blackpowder (KNO3 75%, 
NO NO i) correc oe Se ee eee eee eee eed 


Mg-Al alloy / mixed nitrates / 
bi nder. seceenserenen, eueucuceccucuccccucuceccecuceccabeceeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeseeaeeesMeueeeeeeeeeeeeeeeeeeeeeceeeeeeceeeececeeeereceeeeeeceeeeeeceecececeecerseanaagausesegaususauausesegausesagausenagausesagaesesagassesasaeseal 
‘Mg / MgCO; / PTFE. 
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Table 7. Test Comparison from Wharton and Harding. 


Figure of BAM 
Friction 
Material 


Mallet Friction Test 


Limiting Steel on Nylonon | Woodon | Woodon | Wood on 
Steel Steel Softwood | Hardwood | Yorkstone 


Mullenger’*! reported a comparative study 
of impact sensitiveness performed on the Rotter 
and BAM apparatus. Of the thirteen materials 
examined five were pyrotechnic compositions. 
Mullenger’s results are given in Table 6. 


The impact results offer an insight into the 
differences between the two impact apparatus. 
Three pyrotechnic material’s display little or no 
sensitivity to impact in the BAM test. Of these 
only the Mg/MgCO;/PTFE is also insensitive in 
the Rotter apparatus. The Rotter apparatus al- 
lows material flow within the sample consum- 
ables while the BAM does not. Hence, the 
BAM results will be little influenced by friction 
sensitiveness while the Rotter results may well 
reflect the materials friction sensitiveness due 
to the plastic deformation and flow of the sam- 
ple under impact. The BAM results are often 
regarded as “pure impact”, while those from the 
Rotter apparatus are regarded as having an ad- 
ditional contribution from friction. 


Wharton and Harding”! reported a compari- 
son of three friction sensitiveness test methods; 
BAM friction apparatus, Rotary friction appara- 
tus and the mallet friction test. All the materials 
compared were explosives, and no pyrotechnic 
materials were included in the work. However, 
the work does provide some useful information 
on the different ways the three test methods 
rank explosives. The results are summarized in 
Table 7. 


Clearly the three tests have differing abilities 
to discriminate between explosives. The Mallet 
friction test appears to have the least discrimi- 
nation, but does have the advantage of a simple 
test apparatus and the ability to investigate dif- 
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fering friction surfaces in the standard test con- 
figuration. The BAM and Rotary Friction appa- 
ratus generate a similar ranking for explosives 
that are “on scale”. The Rotary Friction appara- 
tus can assess less sensitive explosives. 


A relationship between Rotary Friction FoF 
and BAM limiting load for high explosives was 
reported by Wharton and Chapman.'"! In this 
work, the relationship derived was 


Limiting load = 55 x Figure of Friction 


Unfortunately, no pyrotechnic materials were 
included in the study. It is possible that they 
will respond differently, hence the relationship 
may not hold. 


5 Use of Sensitiveness Methods 


There are many “official” (national or inter- 
national) uses for sensitiveness data. All have 
impact on the commercial use of sensitive ma- 
terials. This can range from requirements on 
packaging for storage and/or transport, restric- 
tions on movement, to a total ban on use in 
some areas. 


5.1 Transport (UN Orange Book) 


The United Nations scheme for transport is 
far reaching in its investigation of hazardous 
properties; sensitiveness is a small part of this 
scheme. Series 3 tests (including the sensitive- 
ness tests) are used to assess if intentional ex- 
plosives (materials made for their explosive 
properties as opposed to unintentional explo- 
sives, which were made for some other purpose 
but are found to have explosive properties) or 
materials that have undergone UN Series 1 and 
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UN Series 2 tests and been found to have ex- 
plosive properties are suitable for transport in 
the form tested. Most pyrotechnic materials 
would, by definition, be explosive and start 
their testing at Series 3. 


Materials “failing” the sensitiveness test 
(1.e., are more sensitive than the limit set in the 
test employed) would not necessarily be barred 
from international transport but would require 
further testing when packaged to ascertain the 
hazard posed. After a suitable hazard division 
has been allocated, the materials can be trans- 
ported. Most fireworks are currently transported 
with a 1.4G hazard classification. However, 
fireworks may fall into 1.1G, 1.2G, 1.3G 1.4G 
1.4S and possibly 1.5G. As the number in- 
creases, the perceived hazard diminishes. A 
1.1G firework would mass detonate while the 
effects of 1.4S fireworks would be expected to 
be contained within the packaging. Fireworks 
such as party poppers could well meet the re- 
quirements of 1.48. The full classification is 
determined by response in the Series 6 tests 
[6(a) single package test, 6(b) stack test and 
6(c) external fire (bonfire) test] not the response 
in the Series 3 sensitiveness tests. 


5.2 Notification of New Substances 


In the European Union (EU) there is a re- 
quirement"! for materials to have hazard test- 
ing prior to large-scale supply into the market. 
This includes sensitiveness measurement for 
materials with explosive properties. 


5.3 Placing Explosives on the European 
Market'*”! (CE Marking) 


Sensitiveness requirements are set for explo- 
sives that are placed on the market in the Euro- 
pean Union. Pyrotechnic articles (fireworks) are 
outside of the scope of this provision. Current 
sensitiveness requirements for explosive are 
similar (but not identical for all classes of ex- 
plosive) to those for transport under the UN 
scheme. 


5.4 Major Hazard Safety Control Systems 
(COMAH) 


The Control of Major Accident Hazards 
Regulations 1999 (COMAH) requires sites 
manufacturing and storing hazardous materials 
(explosives, toxics, oxidisers, etc.) to provide 
the authorities with a COMAH safety case. The 
level of detail depends on the quantities and 
level of risk. Highly sensitive explosives, for 
example, would trigger the requirement for the 
safety case at a lower inventory level than for 
low sensitive materials. 


6.0 Sensitiveness Results for 
Pyrotechnic Compositions 


6.1 Impact Sensitiveness Results 


Probably the widest range of fireworks 
compositions investigated were those reported 
by Shimizu**! where he used a “Sakashita drop 
hammer” with either a 2 or 5kg hammer to 
rank the sensitiveness of fireworks composi- 
tions. The hammer was dropped onto a pellet of 


Table 8. Impact Sensitiveness of Pyrotechnic Compositions from Shimizu. 


Height for 10 No Explosions 
Composition (cm) 


KCIO3/ S various mixes 


Red star 


Blue star 
Blackpowder 
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Table 9. Sensitiveness of Sulfur-Containing Fireworks Compositions from Chapman et al. 


Composition (% by mass) 
Golden Flash- Pin- 
Component — — — — cracker — 


Potassium nitrate 
Potassium perchlorate 


pyrotechnic composition held between thin tin 
foil plates. Heights that produced no explosions 
in 10 and 50 drops (another method of quantify- 
ing the sensitiveness) were found. In his table 
of impact sensitiveness in the drop hammer test, 
compositions are ranked from most sensitive to 
least. The most sensitive compositions are those 
containing potassium chlorate as oxidiser. Of 
the potassium chlorate compositions those with 
arsenic sulphide and sulfur proved to be the 
most sensitive materials tested. These results 
are listed in Table 8. 


Chapman et al.'**! have reported sensitive- 
ness data for fireworks compositions containing 
sulfur, prepared from compositions taken from 
Weingart’s book.'*! Table 9 lists the composi- 
tions and their respective impact sensitiveness 
measured using the BAM impact machine. 
These compositions were also modified by the 
addition of potassium chlorate and sensitiveness 
remeasured. In most cases the sensitiveness was 
increased, this was particularly marked with the 
compositions containing iron. 


A similar investigation was undertaken on 
chlorate star compositions. Table 10 lists the 
compositions and sensitiveness data. Again 
modifying the material to form sulfur/chlorate- 
containing mixes resulted in increased sensi- 
tiveness (lower limiting load). 
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Table 10. Sensitiveness of Chlorate- 
Containing Fireworks Star Compositions 
from Chapman et al. 


Composition (% by Mass) 
Component Red Star | Green Star 
Strontium nitrate | 38.7 


38.7 
38.7 


Potassium chlorate Me ee 
Charcoal _ ae ee ees 
Dextrin iach ate ttn eet titan atentn 
Shellac. 
Sensitiveness 
(Limiting Impact 
Energy J) 


50 


Impact sensitiveness of some potassium ni- 
trate-containing whistle compositions were stud- 
ied by Li et al.°°! using the Kast impact appa- 
ratus. A 5kg hammer and 25-trial Bruceton de- 
termination was used in each case to measure 
the height required for a 50% probability of 
initiation of the mixtures. Table 11 lists the re- 
sults. 


Table 11. Impact Sensitiveness of Whistle 
Mixtures from Li et al. 


Fuel | Hso (cm) 
Potassium hydrogen phthalate 74.3 
Sodium benzoate 69.5 
Sodium salicylate 69.8 
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Table 12. Impact Sensitiveness of Chinese Fireworks Composition from Qin Daochao. 


Number of samples having Probability 


0-50 % | 50-80% | 80-100% 
4 


Red star 
Green star 
Yellow star 


Other star 
Gunpowder 


One of the problems encountered in assess- 
ing the results obtained by the various workers 
is that of treatment of the results. Some use a 
limiting value, one in six or one in ten while 
others adopt the military specification of the 
50% probability. Any set of results by a given 
method may not necessarily correspond to a set 
using a different method of handling the data, 
even if the same apparatus is used. 


Testing of Chinese fireworks compositions 
has been reported by Qin Daochao.?” The 
method adopted appears to be that of dropping 
a fixed mass from a fixed height and assessing 
the proportion of positive results from a set (un- 
specified size) of test samples. Star composi- 
tions (unspecified) are reported with gunpowder 
(Blackpowder) as a comparison. 


While full experimental details are not pro- 
vided in the paper, it appears that a drop energy 
of approximately 25 J was used in testing. All 
the stars tested appear to be less sensitive to 
impact than Blackpowder. A summary of the 
results appears in Table 12. 


6.2 Friction Sensitiveness Results 


As with the impact testing, Shimizu”! has 
reported friction sensitiveness results for a wide 
range of pyrotechnic compositions. This work 
used the “Yamada friction instrument”. This ap- 
paratus uses carborundum (corundum) surfaces 
to provide the friction, a spring to apply the force 
between the plates and a pendulum to provide 
the motion. The pressure applied by the spring is 
varied and this provides a method of determin- 
ing the values that result in no fires in either 10 
or 50 trials, each with fresh sample. A selection 
of Shimizu’s results is tabulated in Table 13. 
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Table 13. Friction Sensitiveness of 
Pyrotechnic Compositions from Shimizu. 


Pressure for 10 
No Explosions 
Composition 


| Safety match Ua) be a Mtnil On cab aRra kin 
|KCIO3 (62. 5) / AsS2 (37. 5). choceceecee | :88 
03/5 


LGrOON Star mn) ssimnnn > Ovni 
Whistle composition, 
nb SC1O3 (75) | Galllic ACID (25) csnmsnnnnnnnnnnnnn 
Flash and thunder, 

KCIOs (51.3) / Al (23) / 
nd A 19-4) | SB2S3 (10.8) dannii 
Blue star 


The compositions containing potassium chlo- 
rate were again found to be the more sensitive. 
There is not necessarily a correlation between 
impact and friction sensitiveness and there are 


Table 14. Friction Sensitiveness of Some 
Fireworks Compositions from Chapman et al. 


Limiting Load (N) 


Red star ed BOQ. 
Green star 
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Table 15. Electrostatic Sensitiveness from Matasuzwa. 


Composition Name MIE on 1 MIE on 2 


KCIO3 
Cascade 1 


KCIO3 
Ba NOs3)2 
Cascade 3 Al (coarse) 
Al (fine flake) 
Ss 
KNO3 
Charcoal 
Ss 
KNO3 
Charcoal 
Ss 
KCIO, 
KNO3 
Hemp coal 
Rice starch 
KCIO, 
KNO3 
Ba(NOs)2 
Hemp coal 
Rice starch 
KNO3 
Hemp coal 
S) 
Rice starch 
KCIO3 
Al (fine flake) 
Ss 
KCIO, 
Al (fine flake) 
S) 


Blackpowder 
(mealed) 


Blackpowder 
(fine grain) 


Burst charge 1 


Burst charge 2 


Burst charge 3 


Thunder 1 


Thunder 2 


Yellow star 
Violet star 
Silver star 


compositions that were relatively highly sensi- 
tive to impact that are much less sensitive to 
friction and vice versa. 


In work by Chapman et al.'**! the series of 
compositions that were investigated for impact 
sensitiveness were also tested for friction sensi- 
tiveness. Table 14 gives the values obtained, the 
compositions are fully described in Tables 9 
and 10. As with the impact study, the formation 
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of sulfur/chlorate mixtures reduced the limiting 
loads, sometimes considerably. 


6.3 Electrostatic Sensitiveness Results 


Matasuzawa et al.''®! used two test appara- 


tuses in investigating fireworks compositions. 
The materials tested are listed with their com- 
positions in Table 15. The two electrostatic test 
devices were, 1, the Hosoyo apparatus and, 
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Figure 5. Impact sensitiveness of titanium-Blackpowder mixtures from Wharton et al. 


2, the Chegoku Kayaku apparatus. Both were 
used to measure a minimum ignition energy 
(MIE). Results are given in Table 15. The most 
sensitive samples contained sulfur with potas- 
sium chlorate or perchlorate. However, with a 
large proportion of aluminium providing a con- 
ducting path (cascade 3) the composition was 
the least sensitive. 


7 Sensitiveness Case Studies 


7.1 Titanium-Blackpowder Gerbs 


Titanium-Blackpowder gerbs are often used 
as theatrical pyrotechnics for shows and com- 
monly contain 20-30% titanium in the mixture. 
They are usually made by pressing the compo- 
sition into tubes. Ignitions have been reported 
during the pressing, some have lead to serious 
injury. Following one such incident the me- 
chanical sensitiveness of the mixtures was in- 
vestigated. °*! 


Titanium flake used in the manufacture of 
the display gerbs was sieved to find the particle 
size distribution. The sieve fractions at the two 
extremes were used in the investigation. Hence, 
the effect on friction and impact sensitiveness 
of 355-500 and 710-1000 um titanium mix- 
tures with Blackpowder was examined using 
Rotary Friction and Rotter Impact apparatus. 
Figure 5 illustrates the change of impact sensi- 
tiveness, measured as Fol, for titanitum-Black- 
powder mixtures. Impact sensitiveness was 
found to increase throughout the range investi- 
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gated with compositions containing greater than 
25% titanium found to be in the sensitive cate- 
gory as defined by the SCC."! The increase in 
the amount of titanium is likely to have two 
effects: 


1) to increase the number of “hot-spots” gener- 
ated, and 


2) to provide a greater heat sink to adsorb the 
heat generated. 


It is likely that hot-spot generation increase 
makes the composition more sensitive to impact. 


With the friction results, shown in Figure 6, 
it appears that the two effects (generation of hot 
spots and the heat sink effect) are both affecting 
the outcome. Initially, the presence of the hard 
titanium particles is increasing sensitiveness, up 
to about 30% titanium in the mixture. Beyond 
that the heat sink effect is removing heat and 
making the material less sensitive. The overall 
effect being that a mixture between 20 and 30% 
titanium is particularly sensitive to friction and 
is approaching the levels of sensitiveness re- 
garded as very sensitive by the SCC.”! Thus the 
mixture that ignited when being pressed had an 
optimal sensitiveness to accidental ignition. 


Similar findings were reported by Bazaki 
and Kubota’*”! when investigating the effect of 
metal-containing catalysts in ammonium per- 
chlorate propellants and by Wharton and 
Royle!” in work on aluminised ammonium ni- 
trate/fuel oil explosives. 
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Figure 6. Friction sensitiveness of titanium-Blackpowder mixtures from Wharton et al. 


7.2 Peterborough Explosion 


An explosion occurred at Peterborough UK 
in March 1989 when a mixed load of 800 kg of 
explosives was being transported. The resulting 
explosion caused one fatality, over one hundred 
serious injuries and extensive damage to sur- 
rounding buildings. The official investigation"! 
revealed that the primary cause of the explosion 
was initiation of the explosives following the 
frictional ignition of pyrotechnic composition. 


The load consisted of 725 kg cartridged ex- 
plosives, 62.5 kg cast primers, 15 kg of detona- 
tors and 12400 electric fuse heads (electric 
matches), 2400 of which were cerium fuseheads 
in the form of “combs”. The remainder were 
Vulcan fuseheads. Revised transport regulations 
after the incident prevent such loads being car- 
ried without proper separation of the materials. 


Examination of packages used to carry the 
cerium fuseheads indicated that the tinned steel 
boxes contained brown deposits. Additionally, 
the boxes were poorly constructed with flux and 


solder protruding from the inner surface. Small 
gaps were also found where the folded metal 
had not been joined correctly. Loose cerium 
fusehead composition that had become detached 
during transport was found in boxes that had 
previously been used for the carriage of these 
items. 


A series of tests were carried out on the ma- 
terials involved in the incident. BAM impact 
and Rotary Friction tests were used to measure 
the mechanical sensitiveness. Both fusehead 
compositions were found to be extremely sensi- 
tive to friction but only moderately sensitive to 
impact. The materials were of such sensitive- 
ness to friction that Vs) could not be measured 
using the normally applied pressure between 
the friction surfaces. The applied pressure was 
reduced in the Rotary friction apparatus to as- 
certain Vs) values and hence a Figure of Fric- 
tion for the materials. Table 16 lists the me- 
chanical sensitiveness results, RDX values are 
provided for comparison. 


Table 16. Mechanical Sensitiveness of Fusehead Materials. 


Limiting Impact Figure of Friction 


Energy (J) 


Material 


UN 3(b)(ii) Reduced Pressure Test 


Cerium fusehead composition 4.0 
Vulcan fusehead composition 3.0 


RDX 7.5 
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<0.7 0.3 
<0.7 0.4 
3.0 = 
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Table 17. Sensitiveness of Potassium Chlorate/Thiourea Mixtures from Wharton and Barratt. 


| =——s—«<Mixture sd 


Potassium 
a (%) =“ (%) 


Further work on impact sensitiveness indi- 
cated that the presence of rust with the fusehead 
composition reduced the limiting impact energy 
to <0.1 J rendering it extremely sensitive to im- 
pact in the rusty metal boxes. 


A series of drop tests were performed on 
boxed fuseheads and some ignitions were ob- 
tained at 1.2 and 3m. Samples taken from 
boxes where ignition had not occurred indicated 
that loose composition was generated. This also 
occurred in vibration tests on the packaged 
fuseheads in transport simulations. Addition- 
ally, damage to the fuseheads, which detached 
part of the protective coating, was observed. 


Tests in an explosives transport vehicle 
identical to that involved in the incident indi- 
cated that an ignition of the fuseheads was suf- 
ficient to detach the locked roller shutter door 
and produce a tongue of flame similar to that 
reported by the driver of the vehicle involved in 
the incident. 


The findings of the technical investigation 
concluded that the initial cause of the explosion 
was either a friction or impact event. The mate- 
rials in the metal boxes were extremely sensi- 
tive to both. On balance, it was thought that 
friction was the more likely stimulus. This ini- 
tial local fire caused by the fuseheads then 
propagated to combustible packaging and fi- 
nally to the detonators, primers and explosives, 
which in turn detonated after some 12 minutes. 


7.3 Potassium Chlorate-Thiourea Mixtures 


Potassium chlorate-thiourea mixtures have 
been used in the production of pyrotechnic 
smokes. The mixture alone produces white 
smoke, while coloured smokes are produced by 
the addition of dye. After an explosion in a 
grinder that had been used to grind potassium 
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— Fol) Friction (FoF) 


chlorate followed by urea, Wharton and Bar- 
ratt'*”! investigated the sensitiveness and ther- 
mal properties of such mixtures. 


Mixtures containing 15, 20 and 25% thio- 
urea in potassium chlorate were subjected to 
mechanical sensitiveness testing using the Rot- 
ter impact and Rotary friction tests. The mix- 
tures proved to be too sensitive for the Rotary 
friction to be operated using normal applied 
pressure of 40 psi (276 kPa) and a reduced 
loading pressure of 5 psi (34 kPa) was used to 
ascertain the Figure of Friction. Mixtures with 
20 and 25% thiourea were too sensitive for their 
Figure of Insensitiveness to be measured. Ta- 
ble 17 reports Wharton and Barratt’s measure- 
ments. 


The individual materials were found to be 
insensitive or comparatively insensitive to both 
impact and friction, potassium chlorate having a 
measurable Figure of Friction of 4.1, all other 
measurements being “off-scale”. Once initiated, 
the mixtures were found to be highly exother- 
mic leading to rapid decomposition of the mix- 
ture. 


Wharton and Barratt concluded that the mix- 
tures were very sensitive and that minimal me- 
chanical stimulation would be required to acci- 
dentally initiate the mixture. This was attributed 
to the low Tammann temperature'! of the po- 
tassium chlorate, which allows considerable 
diffusion of fuel materials into the crystal lat- 
tice. Similar findings are cited as being the 
main cause of sulfur-potassium chlorate sensi- 
tiveness,“ 
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ABSTRACT 


All pyrotechnic compositions present some 
hazard due to their ability to produce energy. 
However, some compositions pose an added 
hazard because of the combination of incom- 
patible materials. The use of such compositions 
may result in more frequent accidental ignitions 
during processing or spontaneous ignitions dur- 
ing storage. Other compositions pose an added 
hazard because of their ability to produce espe- 
cially large amounts of energy with rapid reac- 
tion rates. The use of such compositions is 
likely to result in especially powerful explosions 
in the event of an accidental ignition. 


This article attempts an organized examina- 
tion of some combinations of commonly used 
pyrotechnic chemicals that are believed to have 
significantly increased hazard potentials. 


Keywords: accidental ignition, spontaneous 
ignition, hazardous combinations, chemicals, 
compatibility, incompatibility 


Introduction 


By their very nature, all pyrotechnic compo- 
sitions could be considered hazardous because 
of their potential for producing energy (occa- 
sionally at inopportune times). However, some 
combinations of materials present a special haz- 
ard, either because of an added potential for 
unintentional ignition or because of the poten- 
tial for producing a powerful explosion upon 
ignition. Note that there are other hazards, such 
as health hazards, which may be associated with 
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certain chemical combinations; however, that is 
beyond the scope of the present article. 


A pyrotechnic chemical reaction characteris- 
tically produces heat energy. This so called “Heat 
of Reaction” may be useful directly as thermal 
energy, or more usually as light, sound, or ki- 
netic energy to achieve a desired effect. How- 
ever, a pyrochemical reaction must not begin to 
proceed as soon as the pyrotechnic composition 
is mixed, for then the composition could not be 
safely prepared. Such spontaneity is prevented 
by another characteristic of pyrotechnic compo- 
sitions, a so-called “Activation Energy” barrier. 


- Activation 
Energy 


Heat of 
Reaction 


Internal Energy 


Reaction Progress 


Figure 1. An illustration of the internal energy 
relationships in a pyrochemical reaction. 


The internal energy associated with a pyro- 
chemical reaction is depicted in Figure 1. Note 
that initially as the reaction begins, the internal 
energy of the system increases. This corresponds 
to the ignition process, when the composition is 
being supplied energy, such as by an externally 
applied flame. This requirement, to first input 
activation energy to the composition, is what 
prevents its spontaneous ignition. If the activa- 
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Table 1. Some Hazardous Chemical Combinations Encountered in Pyrotechnics. 


Chlorate 
Perchlorate 


Ammonium 
Water 


Sulfide 


hlorates_|_Perchlorates 
0 _ Xx Xx x 


X =Generally a significantly hazardous combination. 


? =Can be significantly hazardous depending on circumstances. 


— = Ordinarily, little if any added hazard. 


O =Place filler. 


tion energy barrier is high, much energy is re- 
quired for ignition and accidental ignitions will 
be unlikely. Ifthe activation energy barrier is low, 
less energy is required for ignition. When this is 
the case, accidental ignition will be more likely 
because a relatively small amount of mechanical, 
thermal or electrostatic energy can cause ignition 
of the composition. After ignition has been ac- 
complished, internal energy falls as energy is 
released from the composition. (See reference | 
for more complete discussions of activation 
energy and heat of reaction.) 


Over the years, pyrotechnists have tested 
many substances that seemed promising for use 
in fireworks. It turned out that some of these, 
such as potassium permanganate and phospho- 
tus, have such low activation energies in pyro- 
technic compositions that they invariably create 
a significant hazard. Because their unsafe na- 
ture in compositions is ubiquitous, it is easy to 
eliminate such substances from use. A much 
more difficult problem is the particular combi- 
nations of materials that lead to a low activation 
energy, even though the same materials in other 
combinations do not pose that hazard. Many of 
these hazardous chemical combinations are men- 
tioned in the pyrotechnic literature (e.g., refer- 
ence 2) but usually without complete explana- 
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tory comments. This paper attempts to present 
somewhat more complete information and ex- 
planations. However, this task is often compli- 
cated by the lack of solid experimental data re- 
ported in the literature. As a result, in some 
cases the authors will only be able to offer con- 
jecture and anecdotal evidence. While this is 
not ideal, until more studies are conducted and 
reported, it is the best that can be done, and it is 
preferable to not providing any information for 
these combinations. 


Some chemical combinations in pyrotechnic 
mixtures that can be particularly hazardous are 
listed in Table 1. However, it is important to 
note that the list is not all-inclusive. Further, on 
occasion, because of mitigating factors, some 
listed combinations may not present a high de- 
gree of hazard. To better understand why par- 
ticular combinations of materials can present an 
increased hazard, each column in Table 1 will 
be discussed in turn. 


Chlorates 


Chlorates have the lowest activation energy 
towards decomposition of any class of oxidizers 
commonly used in fireworks. Consequently, 
mixtures containing chlorates tend to be sensi- 
tive to all types of accidental ignition. This is 
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Table 2. A Comparison of Ignition Temperatures for Some Common Oxidizers in 


Stoichiometric Combination with Various Fuels. 


Potassium chlorate 
Potassium perchlorate 
Potassium nitrate 


[3a] 


Ignition Temperature (°C) 


[Note that °F = 32 + (9/5) °C.] 


evidenced by the especially low ignition tem- 
peratures of binary mixtures of potassium chlo- 
rate and fuels with low melting point or low 
decomposition temperature (e.g., see sulfur and 
lactose in Table 2). One should pay close atten- 
tion to the materials a chlorate is being mixed 
with, to be sure that the hazard is not thereby 
exacerbated. However, by no means is it in- 
tended to imply that all chlorate compositions 
are dangerously unsafe. 


With Aluminum: 


Aluminum has a highly cohesive and non- 
porous oxide coating that must be disrupted in 
order for a reaction with oxidizers to take place. 
This feature tends to raise the activation energy 
for ignition, compared with many other pyro- 
technic fuels, see again Table 2. However, 
when assessing degree of hazard, it is necessary 
to consider both the probability and the conse- 
quence of a potential accident.!! In this case, 
the binary mixture of potassium chlorate with a 
fine particle size aluminum is a classic flash 
powder, and it has a relatively small critical 
mass for an unconfined explosion. Therefore, 
the consequences of such a mixture undergoing 
accidental ignition are likely to be significantly 
more severe than for an equivalently small 
amount of a standard chlorate colored star com- 
position. The mixture is more dangerous be- 
cause of the consequence, rather than a greater 
probability of an accident. Indeed, the probabil- 
ity of accidental ignition is probably less for 
aluminum than with common chlorate star 
compositions (except perhaps when the metal 
powder is so fine that the mixture becomes es- 
pecially electrostatically sensitive). 
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The common solution to a hazard of this 
type, where the consequence is particularly se- 
vere, is to attempt to reduce the probability of 
an accidental ignition by raising the activation 
energy barrier. Usually this is accomplished by 
using potassium perchlorate in place of potas- 
sium chlorate. One can go further in this direc- 
tion and raise the activation energy more by 
using barium nitrate as the oxidizer. However, 
one should beware of thinking that higher acti- 
vation energy automatically means “safer”. It 
also means more difficult ignition and a greater 
potential for ignition failure (i.e., duds are more 
likely). Obviously, duds are a safety hazard just 
as is accidental ignition. In addition, the use of 
nitrate with aluminum can lead to other problems 
in the presence of water, as discussed below. 


Conventional wisdom for flash powders 
would suggest using the above approach (i.e., 
substituting potassium perchlorate or barium 
nitrate for potassium chlorate). It is certainly 
possible that such a substitution will indeed 
make the resulting flash powder more resistant 
to accidental ignition. Unfortunately, published 
sensitiveness data does not fully support that. 
Look again at Table 2; the ignition temperature 
for potassium nitrate (presumably similar for 
barium nitrate) and aluminum is the highest of 
the three oxidizers. However, it is the mixture 
with potassium perchlorate, and not that with 
potassium chlorate, that has the lowest ignition 
temperature. 


Since these ignition temperature data are in- 
consistent with conventional wisdom, it is 
worth considering whether ignition temperature 
is the best indicator of the sensitiveness of mix- 
tures, or even that the published data may be in 
error. Table 3 presents impact sensitiveness 
data for the same three oxidizers. Of the mix- 
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Table 3. A Comparison of Impact Sensitiveness for Some Common Oxidizers in Stoichiometric 


Combination with Various Fuels.”"! 


Impact Sensitiveness (kg:m/cm’) 


Magnesium 
1 1.8 3.2 


POOLS SIT CT OCG tl ac cee lO cll Ot a aac cael a 
Potassium perchlorate Tel et anal tt a nt tonne) snsnind One 


Potassium nitrate 


tures with aluminum, potassium chlorate is most 
sensitive; however, it is roughly equivalent to 
that for mixtures with either potassium perchlo- 
rate or potassium nitrate. Based on the data in 
Tables 2 and 3, it is not clear that improved 
safety results from substituting potassium per- 
chlorate for potassium chlorate in two-compo- 
nent mixes with aluminum. 


If it is true, that substituting potassium per- 
chlorate for potassium chlorate does not signifi- 
cantly decrease the sensitiveness of binary 
mixes with aluminum, then one is left to ponder 
why conventional wisdom suggests that it does. 
Could it be a result of experience with flash 
powders that are not simple binary mixtures, 
but rather with mixtures including sulfur or an- 
timony sulfide? Tables 2 and 3 do not include 
data for antimony sulfide but do have data for 
mixtures with sulfur. The impact sensitiveness 
data suggests that a sulfur-containing chlorate 
flash powder would be a little (but not much) 
more impact sensitive than that with potassium 
perchlorate. However, the ignition temperature 
data suggests that the chlorate flash powder 
would be considerably more sensitive. 


The foregoing discussion is far from defini- 
tive in answering the question of relative flash 
powder sensitiveness. However, it is obvious, 
for safety, that sulfur (and almost certainly an- 
timony sulfide) should not be present in flash 
powder using either potassium chlorate or per- 
chlorate. In addition, in the absence of more 
data (e.g., friction and electrostatic sensitive- 
ness), it would be prudent to abide with con- 
ventional wisdom regarding the preference for 
choosing potassium perchlorate or barium ni- 
trate over potassium chlorate. 
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With Magnesium and Zinc: 


Like aluminum, magnesium and zinc form 
energetic mixtures with chlorates, and similar 
considerations apply. However, because of the 
lack of a cohesive oxide coating on these metals, 
the activation energy for their ignition is signifi- 
cantly lower than it is for aluminum. The com- 
bination of both the fuel and oxidizer contribut- 
ing to low activation energy provides these 
mixtures the potential to be particularly danger- 
ous. 


With Acids: 


The predecessor of the modern match was a 
wooden splint tipped with a chlorate pyrotech- 
nic composition. This was ignited by allowing 
the composition to come in contact with concen- 
trated sulfuric acid’! (which was sometimes ab- 
sorbed on asbestos wool for relative safety). Use 
outside the home obliged one to carry a vial of 
sulfuric acid in one's pocket! Also, Alfred No- 
bel apparently invented a mine for use in naval 
warfare based on this principle. A ship hitting 
the mine would break a glass tube of sulfuric 
acid, which then triggered the potassium chlo- 
rate and sugar igniter. 


The high ignition sensitiveness of chlorate 
compositions in the presence of acids is thought 
to involve the formation of chloric acid.'*”! 


KCIO; + H* > HCIO; + K* (1) 


Ignition may occur because chloric acid is capa- 
ble of spontaneous ignition of organic fuels, or 
through its decomposition into highly reactive 
and unstable chlorine dioxide.'*'®! 


One can therefore appreciate the necessity 
for keeping acidic materials away from chlorate 
compositions. However, if the acid is suffi- 
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ciently weak, such as stearic acid, it is probably 
incapable of displacing sufficient chloric acid 
from the chlorate to induce spontaneous igni- 
tion. Moreover, the greasy nature of stearic acid 
helps lubricate the composition, thereby reduc- 
ing its friction sensitiveness. 


With Ammonium Salts: 


Ammonium ions are capable of acting as an 
acid (proton donor). 


NH, — NH; + H™ (2) 


Accordingly, most ammonium salts, such as 
ammonium perchlorate, are acidic in aqueous 
solution and potentially lead to the problems 
discussed above. 


In addition, a mixture of a chlorate oxidizer and 
an ammonium salt may form ammonium chlo- 
rate through a double decomposition reac- 
tion!!!) 


NH," + ClO; — NH,CIO; (3) 


This is problematic because ammonium chlorate 
is a substance that explosively decomposes at 
102 °C and is probably capable of undergoing a 
true detonation.!”'*! 


With Copper(ID [Cupric] Salts: 


Like the ammonium ion, the cupric ion 
(Cu**) has an acidic reaction in aqueous solu- 
tion. In addition, in common with other transi- 
tion metals, copper ions catalyze the decompo- 
sition of some oxidizers by lowering their acti- 
vation energy. For these reasons soluble cop- 
per(II) salts with an acidic reaction, such as the 
sulfate, should not be used with chlorates. In 
practice, experience has shown that such poten- 
tial problems can be overcome by using a cop- 
per(II) compound that is insoluble and/or has a 
counter anion with a basic reaction (e.g., car- 
bonate, oxide, etc.). Note also that copper(I) 
[cuprous] salts (Cu’) do not have an acidic reac- 
tion and therefore engender a relatively minor 
increase in sensitiveness, unless they contain 
sulfur, such as copper(I) thiocyanate (CuCNS). 


With Sulfur: 


The combination of sulfur with chlorates is 
historically the most famous cause of accidental 


Pyrotechnic Chemistry 


Chapter 18 — Page 5 


ignitions in pyrotechnics due to “incompatible” 
chemicals.''*'*! Such mixtures have long since 
been banned in some countries (e.g., England). 
One possible mechanism for the high sensitive- 
ness of such mixtures may begin with the for- 
mation of polythionic acids on the surface of 
sulfur grains, and ultimately producing sulfuric 
acid!®”! (see comments above about acids). To 
some extent, during mechanical action sulfur 
reacts with oxygen in the air to form sulfur di- 
oxide.''*! It is thought that a chain reaction in- 
volving the gases sulfur dioxide and chlorine 
dioxide may be implicated in cases of sponta- 
neous ignition of potassium chlorate and sulfur 
mixtures, '°! 


2 KCIO3 + SO, > K2SO4 + 2 ClO, (4) 
48 + 2ClO, — 2SO, + S.Cl (5) 


It can be seen from the equations that one mole- 
cule of sulfur dioxide ends up generating two 
molecules of sulfur dioxide, and the cycle po- 
tentially repeats at twice the rate; and so forth 
until the ignition temperature may be reached. 
Further, sunlight is thought to exacerbate this 
problem as well as the use of sublimed sulfur 
(flowers of sulfur) rather than sulfur flour.!”'®! 


It is probable that the bad reputation this 
mixture acquired in the past was due, in part, to 
impurities in the materials formerly avail- 
able.''”! For example, the presence of chlorite in 
the chlorate, or various sulfur acids in the sul- 
fur, could serve to initiate the chain reaction. 
Notwithstanding this proviso, it is clear that 
even with pure materials the sensitiveness of a 
chlorate and sulfur mixture to friction and im- 
pact is too high to justify its use.!"*! 


With Sulfides: 


Similar considerations apply to mixtures of 
chlorates with sulfides as for mixtures with sul- 
fur described above. For example, the mixture 
of arsenic sulfide with potassium chlorate is 
even more impact sensitive than the mixture of 
sulfur with potassium chlorate."*! However, 
different sulfides may vary in the degree and 
type of hazard involved. While the sulfides of 
antimony and copper were those most com- 
monly used with chlorates in the past, it would 
be wise to assume that any sulfide so used 
represents a significant hazard. 
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Perchlorates 


Perchlorates produce substantially less en- 
ergy upon their decomposition than do chlo- 
rates, see Table 4. Therefore, it can be inferred 
that any given material is likely to form a 
“safer” mixture with a perchlorate than with a 
chlorate. (However, note that ammonium per- 
chlorate is incompatible with many materials 
because of the ammonium ion.) Perhaps equally 
important is the observation that, in perchlorate 
compositions, additives are sometimes specifi- 
cally used to restore the favorable burning 
properties present in the corresponding chlorate 
composition. While it has not been well re- 
searched, there is the potential for these addi- 
tives to increase the hazard, possibly approach- 
ing that of the chlorate composition. Thus, one 
can by no means make a valid generalization, 
“perchlorate compositions are safer than chlo- 
rate compositions”. Much of the advantage of 
perchlorates lies with less stringent compatibil- 
ity considerations, rather than its inherent safety. 


Table 4. Decomposition Energies for Some 
Common Oxidizers.°"' 


Decomposition 
Oxidizer Product Energy (kcal/mole) 


Fe304 
KNO3 


Ba(NO3)2 
_St(NO3) 


KCIO,4 


KCIO3 


Note that the sign convention is that negative values 
correspond to exothermic decompositions. 


With Aluminum: 


The combination of potassium perchlorate 
with aluminum has quite a large activation en- 
ergy and generally causes no problem. How- 
ever, when the aluminum is a very fine powder, 
such as in the context of a flash powder, the 
consequence of accidental ignition is so devas- 
tating that such mixtures should be handled 
with extreme caution and avoided when possi- 
ble. Mixtures containing relatively small per- 
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centages of potassium perchlorate or fine alu- 
minum tend not to be a problem. 


With Magnesium: 


As with aluminum, there is generally no di- 
rect problem with the combination of potassium 
perchlorate and magnesium. However, as will 
be discussed below, the presence of water with 
this mixture is problematic. Further, with fine 
magnesium powder, the combination of lower 
activation energy and high energy output do 
make for a substantial hazard. Small percent- 
ages of either potassium perchlorate or fine 
magnesium in these mixtures do not seem to 
pose a problem. 


Substances Hazardous with Chlorates but 
not with Perchlorates: 


Zinc is not a particular hazard with perchlo- 
rates because, despite zinc having a lower acti- 
vation energy than aluminum, it is not a suffi- 
ciently high energy fuel to form a dangerous flash 
powder with these oxidizers (see Table 5). It is 
important to note, however, the combination of 
zinc with ammonium perchlorate is exception- 
ally hazardous because of its incompatibility 
with the ammonium ion (discussed below). 


Acids (typically encountered in pyrotech- 
nics), ammonium salts, or copper(II) salts pre- 
sent little or no problem with perchlorates for 
two reasons. First, perchloric acid is a signifi- 
cantly stronger acid than chloric acid and so is 
less susceptible to displacement from its salts. 
Second, perchloric acid is a stable acid, in 
marked contrast with chloric acid, which spon- 
taneously decomposes at 40 °C (104 °F).!"! 


With Sulfur: 


The combination of sulfur with a perchlorate 
is generally believed to be substantially less 
hazardous than the combination with a chlorate. 
However, with respect to impact sensitiveness 
(see Table 3), the difference is barely worth 
mentioning. It has been speculated that to some 
extent the bad reputation of sulfur and chlorate 
mixes came about because earlier supplies of 
materials were contaminated.''”! If this was the 
case, that might explain the wisdom about per- 
chlorate and sulfur mixtures being substantially 
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less hazardous. That may have been true at one 
time but not for high purity materials. 


Nonetheless, potassium perchlorate and sul- 
fur mixes do have a low activation energy bar- 
rier, are quite sensitive to accidental ignition, 
and must be avoided if possible. 


With Sulfides: 


Similar considerations apply to mixtures of 
perchlorates with sulfides as for mixtures with 
sulfur. 


Aluminum 


The burning of aluminum metal produces 
the greatest amount of energy of the fuels in 
common use in fireworks, see Table 5. None- 
theless, aluminum can be one of the safest high 
energy metal fuels because of the cohesive and 
non-porous oxide coating, which engenders a 
high activation energy barrier for both combus- 
tion (see Tables 2 and 3) and corrosion. How- 
ever, there are certain circumstances in which 
the oxide coating may be disrupted, potentially 
creating a hazard. 


Table 5. Heats of Reaction for the Complete 
Combustion of Various Fuels.!?"! 


Heat of Reaction 
) (a,b) 


(kcal/mole 
Aluminum 


Sulfur 


a) Unless otherwise noted, this is per mole of fuel. 


b) Note that negative values correspond to exo- 
thermic reactions. 


c) This value is per mole of carbon in the com- 
pound. 


d) Carbon is in the form of graphite. 
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With Water: 


Water is widely used to activate binders of 
pyrotechnic compositions and must therefore be 
considered a temporary ingredient of such 
compositions. Any active metal has the capabil- 
ity for a reaction with water to produce hydro- 
gen gas. One example is the simple mixture of 
aluminum metal powder and pure water. 


2Al + 6H,O > 2AK(0H);+3H (6) 


Because this is an exothermic reaction, there is 
the potential for generating sufficient heat to 
reach the ignition temperature of a pyrotechnic 
composition. (Even if the ignition temperature 
is not reached, the metal can corrode and the 
pyrotechnic composition can become useless.) 
In Figure 2, note the relatively sudden onset of 
the exothermic reaction after a prolonged la- 
tency (see Table 6 for experiment conditions). 


100 


Temperature (°C) 
£ [ep] (ee) 
oO oO oO 


Nh 
(o) 


0 
0 20 40 60 80 100 120 140 160 180 
Time (Hours) 


Figure 2. An example of an aluminum and 
water exothermic reaction.°"! [See Table 6 
for Experiment Conditions. ] 


The water reactivity of aluminum rises in 
particular with nitrate compositions, wherein the 
following exothermic decomposition can take 
place: 


6 KNO; + 16 Al + 9H,O > 
6 KAIO, + 6NH; + 5 ALO; (7) 


Aluminum oxide is amphoteric, meaning that 
not only can it dissolve in acids to form alumi- 
num salts, but it can also dissolve in alkalis to 
form aluminates (such as the potassium alumi- 
nate formed in the reaction above). Conse- 
quently, the alkaline nature of the ammonia 
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Table 6. Aluminum and Water Reactivity 


Data at 18 °C (64 °F) unless otherwise 
stated. 7"! 


Exotherm 
Conditions for Test! Time”) (hours) 
Aluminum, 2 g 
: 1 
Distilled water, 2 g Be 


Aluminum, 1 g 
Potassium nitrate, 1 g 
Distilled water, 2 g 
Aluminum, 1 g 
Potassium nitrate, 1 g 
Boric Acid, 0.04 g 
Distilled water, 2 g 
Aluminum, 1 g 
Copper(Il) oxide, 1g 
Distilled water, 2 g 
Aluminum, 2 g 
Distilled water, 2 g 
Temperature 43 °C (109 °F) 


(a) Aluminum was always Alcoa S-10, 12 atom- 
ized. 


(b) Average time to exotherm for three tests. (See 
Figure 2.) 


produced in this reaction (equation 7) can en- 
able it to dissolve not only some of the alumi- 
num oxide produced in the reaction, but also 
some of the oxide coating of the aluminum. The 
aluminum so activated can then go on to react 
directly with water, generating more heat. An- 
other series of tests similar to that shown in 
Figure 2 was performed; however, half of the 
aluminum was replaced with potassium nitrate 
(see Table 6). In this case, a slightly higher 
temperature was reached as the water was con- 
sumed, and the reaction peaked after only 10 
hours. At least one plant explosion, is believed 
to have been caused by such an aluminum, ni- 
trate, and water reaction, when it occurred in 12 
kg (26 Ib) of a pyrotechnic mixture left partially 
submerged in water.'?7! 


In practice, many of these water and alumi- 
num reactions do not appear to be a serious 
problem when atomized or coarse flake alumi- 
num is used. Presumably, this is because the 
wetted compositions are cut or rolled into rela- 
tively small stars, from which heat readily es- 
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capes. Also the amount of water present is rela- 
tively small and drying is fairly fast. 


If for some reason it is desired to use fine 
aluminum with a nitrate present, or if the an- 
ticipated drying time will be prolonged, a small 
amount of boric acid can be added to counteract 
the incipient alkalinity and prevent decomposi- 
tion. This is partly because the protective oxide 
coating of aluminum is much more resistant to 
mild acids than it is to alkali. Moreover, alumi- 
num borate, formed!*! on the surface of the 
aluminum, is very insoluble and therefore im- 
proves the protection offered by the oxide coat- 
ing. For example, when as little as 0.2% boric 
acid was added to an aluminum and potassium 
nitrate mixture, no detectable reaction with wa- 
ter occurred even after 500 hours, see Table 6. 
(Note that using 0.5% boric acid would provide 
a more reliable safety margin.) 


With Copper(ID [Cupric] Salts: 


A metal will react with the salt of a more 
electronegative (less reactive) metal in what is 
called a displacement reaction. Such a reaction 
is exothermic and has the potential of producing 
enough heat to raise a pyrotechnic composition 
to its ignition temperature. A classic example of 
this is the silver nitrate and magnesium flash 
powder that is initiated by a mist of water drop- 
lets: 


Mg = 2 AgNO; =? Mg(NO3)> + 2 Ag 
Displacement Reaction (8) 


6 Mg + 2 AgNO; > 6MgO + 2Ag + Np 
Flash Reaction (9) 


The activation energy of the displacement reac- 
tion is lowered so much by the presence of wa- 
ter that the reaction proceeds at ambient tem- 
perature, generating sufficient heat to initiate 
the pyrotechnic flash reaction. 


Displacement reactions can occur with cop- 
per salts and aluminum, but in practice, this is 
seldom a problem because of the large activa- 
tion energy engendered by the oxide layer on 
aluminum. However, problems can arise when 
the copper salt is significantly soluble. Al- 
though most copper salts used in pyrotechnics 
are not very soluble, it should be borne in mind 
that the presence of ammonia substantially en- 
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hances the solubility of the copper salts.'**! 
Consequently, situations with the potential for 
generating ammonia, such as described in the 
previous section (equation 7), can be exacer- 
bated by the presence of a copper compound. 


As part of the testing of aluminum’s reactiv- 
ity with water (Table 6), a series of tests were 
conducted wherein a mixture of atomized alu- 
minum and copper(II) oxide were used. Despite 
the low solubility of copper(II) oxide, a reaction 
similar to that shown in Figure 2 occurred. The 
time interval before the peak (exotherm) was 
15 hours, nearly as fast as it occurred when test- 
ing aluminum with potassium nitrate. 


Magnesium 


The activation energy for the reaction of 
magnesium is substantially less than for alumi- 
num. As a result, the associated chemical reac- 
tivity problems are generally similar in kind but 
much greater in degree. 


With Acids: 


Magnesium is extraordinarily reactive toward 
acids, thus even mild acids, such as boric acid, 
must be avoided. 


Mg + 2H* > Mg” + H; (10) 


With Ammonium Salts: 


The ammonium ion is sufficiently acidic to 
react with magnesium: 


Mg + 2NH, > 
Mg” + 2NH; + H) (11) 


The only effective way of preventing this 
reaction is by conversion coating the metal. 
Traditionally, the only effective coating was 
obtained by treatment with a dichromate.'?>7*! 
This, however, may be considered an extreme 
solution because of the carcinogenicity of di- 
chromates. Recently, a conversion coating that 
may be superior to that of dichromate was re- 
ported.”” That coating is based on treatment 
with a low toxicity ammonium metamolybdate 
and ammonium dihydrogen phosphate solution. 
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With Water: 


The reactivity of magnesium with water is 
so great that aqueous binding is generally con- 
sidered to be incompatible with the presence of 
magnesium. In fact, reactions occur with unpro- 
tected magnesium and many (most?) salts in the 
wet state. For example, Shimizu’! reports that 
active or violent reactions occur between mag- 
nesium and the wet salts listed in Table 7. 


Table 7. Some Wet Salts Invoking Active or 
Violent Reactions with Magnesium." 


Strontium nitrate 


With Copper Salts: 


The reactivity of magnesium with copper 
salts (both cupric and cuprous) is so great that 
such mixtures are generally considered to be 
incompatible. This is because of an exothermic 
displacement reaction. 


Mg + Cu* > Mg” + Cu (12) 


Copper metal or copper(II) oxide should be 
used when combinations with magnesium are 
desired. Copper metal works because both it 
and magnesium metal are in the same oxidation 
state, zero or neutral, thus displacement is not 
possible. However, because of magnesium’s 
intrinsic water reactivity and because copper 
and magnesium metals form an electrochemical 
couple, non-aqueous binding is essential. When 
drying times are fairly short, copper(II) oxide 
seems to be acceptable because of its low solu- 
bility. However, there may be problems similar 
to that when mixed with aluminum (see above 
and Table 6). 


With Sulfur: 


Sulfur can act as an oxidizer for active metal 
fuels. A metal associated with low activation 
energies, such as magnesium, can react sponta- 
neously with sulfur leading at least to corrosion, 
and perhaps to ignition under some circum- 
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stances. Even aluminum and sulfur mixtures 
can present a problem under rare circumstances. 
For example, it has been reported that when a 
mixture of aluminum and sulfur was ball milled, 
an explosion resulted.'*! Presumably this was 
partly the result of physical abrasion removing 
enough of the protective aluminum oxide layer 
to lower the activation energy to unsafe levels 
for ball milling. 


Zinc 


Despite being a substantially less energetic 
fuel than magnesium (see again Table 5), zinc 
also has a somewhat low activation energy bar- 
rier, and so generally shares similar compatibil- 
ity concerns. 


With Acids: 


Zinc reacts readily with acids, and the com- 
bination is best avoided. 


Zn + 2H* > Zn” + H, (13) 


With Ammonium Salts: 


Like magnesium, zinc is incompatible with 
ammonium salts. The reaction is exacerbated in 
this case because zinc oxide is dissolved by 
aqueous ammonia. 


Zn + 2NH, — Zn** + 2NH; + H) (14) 


ZnO + H,O0 + 4NH;3 > 
[Zn(NH3)4]"” + 2OH (15) 


Thus, the ammonia formed in the first reaction 
is able to solubilize the partly protective zinc 
oxide layer on the zinc particles, thereby accel- 
erating its decomposition. A classic demonstra- 
tion of spontaneous combustion is a mixture of 
zinc and ammonium nitrate that is initiated with 
a drop of water. Under conditions of high hu- 
midity, the presence of hygroscopic ammonium 
nitrate will cause the mixture to spontaneously 
heat up. 


With Water: 


In its behavior with water, zinc more closely 
resembles aluminum than magnesium. Usually 
there is no problem, even with nitrates present. 
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However, on occasion, such mixtures have been 
known to heat up. Ammonia, the water reaction 
product of nitrates and zinc (see equation 7 for 
a similar reaction) dissolves the protective zinc 
oxide layer, leading to a self-accelerating reac- 
tion. 


With zinc metal, because of its acid sensi- 
tiveness, anything but a neutral pH composition 
must be avoided. Thus, in practice, nitrate and 
zinc mixtures can generally be used with aque- 
ous binding only if there are no acidic or alka- 
line ingredients present to initiate its decompo- 
sition. However, it is well to be aware of this 
potential problem. 


With Copper Salts: 


Like magnesium, zinc is incompatible with 
copper salts due to exothermic displacement 
reactions as discussed above. 


Zn + Cu** - Zn?* + Cu (16) 


With Sulfur: 


The mixture of zinc and sulfur is a tradi- 
tional model rocket fuel. 


Zn + S > ZnS (17) 


However, it is not generally recognized that this 
mixture has a quite low activation energy for 
ignition and is significantly sensitive to both 
friction and impact. According to Partington'””! 
“... the mixture may detonate on percussion.” 
As with magnesium, this combination is best 
avoided, even though it probably is not capable 
of a true detonation.?”! 


Addendum for Magnalium 


In general, the properties of an alloy are 
somewhat intermediate between those of its 
constituent metals. However, this is not neces- 
sarily the case. For example, the hardness of 
magnalium (magnesium/aluminum alloy) is 
significantly greater than that of either of its 
constituent metals. This relatively greater hard- 
ness of magnalium can be expected to pose a 
greater hazard regarding accidental ignition 
from friction. Nevertheless, its chemical sensi- 
tiveness is more often intermediate than resem- 
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bling a mixture containing particles of the indi- 
vidual metals.'°! Of particular interest are haz- 
ardous combinations that are not exactly pre- 
dictable from the properties of the constituent 
metals. (For the purpose of this discussion, 
magnalium refers specifically to the 50:50 al- 
loy. Other magnalium alloys may be expected to 
have properties more or less intermediate be- 
tween this alloy and the major constituent 
metal.) 


With Chlorates and Perchlorates: 


It is not expected for there to be a significant 
deviation from intermediate properties here; 
namely significantly hazardous with chlorates, 
less so with perchlorates. (See below for am- 
monium perchlorate.) 


With Acids: 


Here again the properties are intermediate. 
Magnalium is more acid sensitive than alumi- 
num, but less so than magnesium. However, it 
is still sufficiently acid sensitive so as to pre- 
clude its use even with mild acids such as boric 
acid.'°°"! There are a number of published for- 
mulations that combine boric acid with magnal- 
ium, or even with magnesium. However, such 
compositions are almost always used with non- 
aqueous binding, which minimizes the danger. 
If similar formulations are developed for use 
with aqueous binding, the boric acid content 
should be deleted in the interest of safety. 


With Ammonium Salts: 


Magnalium is more reactive than aluminum, 
but less reactive than magnesium, towards moist 
ammonium perchlorate.'**! Boric acid does not 
prevent this reactivity and should not be used 
because of magnalium’s reaction with acids. In 
practice, the problem can be avoided with the 
use of non-aqueous binding. 


With Water: 


Magnalium does not usually present any 
problem with aqueous binding. However, the 
potential for decomposition exists and it is well 
to be aware of this possibility when developing 
formulations. Certain substances seem able to 
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trigger the reactivity of magnalium towards wa- 
ter. Examples are lampblack and alkali metal 
oxalates.°?! The reasons are not obvious and 
do not necessarily depend on any acidic or alka- 
line reaction. For example, aqueous lithium ox- 
alate has a pH of 7 (neutral), yet is able to trig- 
ger such exothermic decomposition of magnal- 
ium. 


In general, magnalium is more stable in an 
alkaline rather than an acidic environment, in 
contrast with aluminum. Thus, lithium carbon- 
ate, with an alkaline reaction, presents no prob- 
lem with magnalium, although it is incompati- 
ble with aluminum.!*”! 


With Copper Salts: 


Copper salts, both copper(I) and copper(II), 
should be avoided with magnalium unless the 
counter anion has a basic reaction. Fortunately 
many of the copper salts used in pyrotechnics, 
such as the carbonate or benzoate, fall into the 
latter category and normally present no prob- 
lem. A danger can arise when conditions allow 
the production of ammonia, which has the abil- 
ity to solubilize otherwise poorly soluble cop- 
per compounds.”*! Ammonium perchlorate in 
combination with alkaline materials, such as 
hexamine, can produce sufficient ammonia to 
cause a solubilization effect with certain copper 
salts?! Thus, the fourfold combination of am- 
monium perchlorate, hexamine, copper(IJ) car- 
bonate, and magnalium is incompatible despite 
the fact that any of the binary combinations 
cause no problem.!*! Certain copper com- 
pounds, such as copper(II) benzoate, seem to be 
less problematic for unknown reasons.'°*?>! 


With Sulfur: 


Magnalium does not cause any particular 
problems with sulfur and resembles aluminum 
in this respect. 


Closing Remarks 


The discussion of some particularly hazard- 
ous combinations and the listings in Table 1 
should not be interpreted too rigidly. They 
should serve only as guidelines. Some combina- 
tions listed as generally hazardous can be used 
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by knowledgeable and skilled pyrotechnists 
with reasonable safety, provided appropriate 
precautions are taken. Conversely, the list is not 
all inclusive, with other hazardous combina- 
tions existing. 


Knowledge of hazardous combinations has 
been acquired through more than a century of 
observations by pyrotechnists. The explanations 
given in this article should be seen as post facto 
rationalizations rather than as theoretical pre- 
dictions. Consequently, formulation develop- 
ment should be guided by cautious experimen- 
tation. For example, it is not obvious that tita- 
nium is compatible with ammonium salts 
whereas manganese is not, despite the two met- 
als having almost identical electronegativities. 


New star compositions containing active 
metal fuels should be dampened with water 
only as a small sample (if at all). Such stars 
should be checked periodically for the occur- 
rence of an exothermic reaction or other indica- 
tion of an adverse reaction (e.g., ammonia or 
hydrogen sulfide odor). 


Great care must be taken when working with 
new formulations, especially if there is any 
known potential for an adverse reaction. It is 
always appropriate to start working with very 
small quantities and to store these materials 
separate from other pyrotechnic materials and 
in a manner such that an accidental ignition 
would be less than disastrous. 


Only after small batches have been success- 
fully prepared, should larger batches be at- 
tempted. However, it must be recognized that 
since small batches did not experience adverse 
reactions, is not a guarantee that problems will 
not appear when batch sizes are scaled up. 
Mostly this is because increasing temperature 
generally has a powerful effect on the rate of 
chemical reactions. As an example, consider the 
two experiments with aluminum and water re- 
actions in Table 6. Note that while at 18 °C the 
reaction peaked only after 159 hours, the same 
reaction at 43 °C peaked in only | hour. When 
large batches are prepared, any heat produced 
will generally escape more slowly (i.e., the tem- 
perature will rise to higher levels, especially 
near the middle of containers). This in turn ac- 
celerates chemical reaction rates and the rate of 
heat production. Such a thermal run-away may 


Hazardous Chemical Combinations 


Chapter 18 — Page 12 


well lead to a catastrophe for a large batch 
while a small batch may show no signs of a 
problem. 


In the event an adverse reaction is detected, 
it may be necessary to take more or less imme- 
diate safety measures. If the reaction is mild, 
the amount of material is small and it is in an 
isolated location, it may be possible to monitor 
the situation and hopefully wait it out. Actual 
ignitions of compositions undergoing adverse 
reactions are not common; nonetheless, dis- 
posal is probably the best way to terminate the 
potential problem. 


The only certain way to eliminate a pyro- 
technic hazard is to consume the material, gen- 
erally by burning. While such disposal may 
constitute unlicensed hazardous waste disposal, 
it may also be a safety imperative. Great care 
must be taken when materials under going ad- 
verse reactions are handled or moved, such as 
in preparation for disposal by burning. Consid- 
eration must always be given to the possibility 
that the material may enflame at any time. 
(Note that there has been a recent accident with 
severe burn injuries when a relatively small 
batch of stars—experiencing an adverse reac- 
tion—were being removed from a work area. If 
the temperature of the composition has risen (as 
will almost always be the case), combustion of 
the material will probably be especially violent 
and could be explosive. 


When burning pyrotechnic materials, always 
be extremely careful. Even under the best of 
conditions, unexpectedly large or violent output 
is possible. Some limited guidance on the sub- 
ject that may be useful can be found in refer- 
ences 36 and 37. In cases where immediate dis- 
posal by burning is not possible and when the 
amount of material is relatively small, it will 
generally be possible to limit the buildup of 
heat in the materials by their immersion in a 
large amount of water. This will preclude the 
ignition of the material, but often will not ter- 
minate the adverse reactions such as the pro- 
duction of flammable (potentially explosive) 
hydrogen gas. If such treatment is necessary, as 
soon as possible the pyrotechnic composition 
should be separated from the water and dis- 
posed of by burning. Obviously, the best course 
of action is studiously to avoid those potentially 
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hazardous combinations that might lead to ad- 
verse chemical reactions! 
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Assessing the Risks — 
Suggestions for a Consistent Semi-Quantified Approach 


Tom Smith 
Davas Limited, 8 Aragon Place, Kimbolton, Huntingdon, Cambs., PE28 0JD, United Kingdom 


ABSTRACT 


Assessing the risks of an operation, the op- 
eration of a whole factory, or the consequences 
of firing a firework display has become away of 
life. Much modern legislation, certainly in the 
UK, is based less on “prescription” and more 
on “goal setting”, which requires the risk crea- 
tor to determine the nature of the risk and to 
allow him to control it adequately. Everyone 
involved in almost any activity, be it sport, driv- 
ing, or managing a pyrotechnic production fa- 
cility, has always assessed the risks—normally 
in their head and on the job. Modern legislation 
demands that these informal processes, accurate 
as they may have been, be documented, moni- 
tored and revised as appropriate, partly at least 
to “prove” in any post-accident enquiry that 
adequate steps had been taken to identify the 
particular circumstances that caused the acci- 
dent. Failing to identify a particular risk is as 
negligent as failing to control a risk that had 
been identified. 


Keywords: risk assessment, consequence, 
hazard management 


What Does Assessing the 
Risks Mean? 


Assessing the risk is not the same as “doing 
a risk assessment”. The latter term has become 
devalued. In many cases it simply involves pho- 
tocopying the last risk assessment! Assessing 
the risks is a serious task, and although in any 
operation, for instance a firework display, many 
factors remain constant, there are always site 
specific factors that must be addressed. 
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For instance constant factors may include: 


- the range of fireworks used, 
¢ the methods of erecting mortars, and 
¢ the firing system. 


Factors that change from site to site, and 
crucially from event to event include: 


e local weather conditions, 


¢ the physical site, for instance, can mortars 
be dug in, can angle irons be used, or does 
everything have to be supported by sand- 
bags, 


¢ constraints of the site, for example, where 
there is plenty ofroom for varying the firing 
position, the choice of fireworks may be 
made knowing that the site can be adapted 
with knowledge of likely wind conditions 
during the display—for instance, barges 
held by tugs may be moved to maximize the 
fallout area. On the other hand, where the 
site is fixed, the choice of fireworks may be 
conservative and dictated by the “worst 
case” scenario, and 


¢ local hazards (e.g., gas cylinders in the fall- 
out zone). 


That is not to say that previous risk assess- 
ments are not valuable. Over time, previous risk 
assessments form a valuable resource, especially 
where they have been shown—as a result of a 
“near miss” or real incident—to be lacking. Re- 
vision and modification of existing risk assess- 
ments in the light of extended experience are 
probably the most valuable revisions possible. 


Assessing the risks does not stop when a risk 
assessment is written. The process is iterative and 
risks are not adequately controlled if the process 
is stopped at any point. Old, out of date risk 
assessments are almost as useless as no risk 
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Figure 1. Flow chart for risk assessment. 


assessment. Figure | presents a generalized flow- 
chart for risk assessment. 


Principles of Risk Assessment 


Risk assessment is determining the risk posed 
by an operation. In its most general form the risk 
of an operation can be described as the product 
of the consequences of a particular identified 
incident and the frequency of the particular in- 
cident happening. Commonly this is described as 


Risk = Hazard (A) x Frequency (F) 


To determine the overall risk of an operation 
each identified risk is summed, for a variety of 
potential occurrences and thus consequences 
from a particular operation 


Total Risk = H,F; t ADF) t ARP; er AF, 


For example, as a result of a fire (from what- 
ever source) in a magazine containing solely 
1.4G fireworks, which are packaged and stacked 
properly, the overall risk is comprised of the 
factors listed in Table 1. 


Risk and Hazard 


So what is meant by “Risk” and “Hazard” and 
why are the two so often confused? 


The hazard of an event is the potential con- 
sequences of the event—however infrequently 
that event may occur. It is the intrinsic potential 
for harm, the consequence of an event. Syno- 
nyms for hazard include 


* consequence and 
¢ danger (a poor term and one with negative 
connotations) 


The risk arising from that event considers 
both the intrinsic hazard of the identified event 
and the frequency of that event occurring. Syno- 
nyms for frequency include 


e likelihood, 
¢ probability, 
e incidence, and 


e rate. 


Table 1. Overall Risk from a Fire in a Magazine Containing Only 1.4G Fireworks. 


Rapid escalation leading to 
mass explosion 
Projection of firework stars 


Toxic hazard to fire fighters, environmental 
aspects, etc. 

No hazard to outside, however hazard during 
clean up, etc. 


Effects confined entirely within 
magazine 
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Very low 
Probable 
Probable 


Low 
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Quantitative vs. Qualitative 
Risk Assessment 


Quantitative Risk Assessment (sometimes 
referred to as “Quantified Risk Assessment”— 
but both Quantitative and Qualitative Risk As- 
sessment are also referred to, ambiguously, as 
QRA) is the process of trying to determine the 
consequences of an event and the frequency of 
that event happening using “real” numbers. In 
this way an estimate of the overall risk may be 
obtained that is comparable with other risks that 
workers and the public face during normal ac- 
tivities. For example, in the UK a risk to a 
specified individual is considered broadly ac- 
ceptable if it leads to a fatality at a frequency of 
1in 10° (i.e., about one in a million years). See 
Figure 2. Fatalities more frequent than this may 
be acceptable provided they are “As low as is 
reasonably practical”, so called ALARP, or they 
may be unacceptable. The upper end of the 
ALARP region in the UK is taken to be about 
1 x 10~* (or about one every ten thousand years) 
for members of the public. For workers, who 
may accept a greater level of risk as a conse- 
quence of working, the figure is taken to be 
1 x 10° (or about one every thousand years). 


ALARP implies that necessary steps should 
be taken to reduce the risk, provided that they 
are “reasonable”. Ultimately therefore the meas- 
ure of ALARP is often based on cost. Sometimes 
changes could be made that reduce risk slightly, 
but are cost prohibitive and therefore not practi- 
cal. On the other hand, some risk control meas- 
ures may be simple to achieve and also are cost 
effective. 


Quantitative Risk Assessment is a very com- 
plicated and rather imprecise science. For in- 
stance, to assess the overall risk resulting from 
an explosion in a brick built magazine, the fol- 
lowing facts (and many others) all need to be 
quantified: 


1) Frequency of the event 


a) How often does an ignition occur? 


b) How often does this lead to a mass explo- 
sion? 
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As 
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Practical 
(ALARP) 


Broadly 
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Figure 2. Individual risk. 


2) The effect on workers and the public 


a) How far away are potential victims (e.g., 
do they lie in a debris zone, a blast zone 
or a fire zone)? 


b) How much time does each potential vic- 
tim spend at that location? 


c) What is the effect of the incident on peo- 
ple in the open, or within buildings? 


3 


— 


For people in the open 


a) How much time are they in the open? 


b) What fragments from the explosion are 
fatal to them? 


4 


a 


For people in buildings 

a) What is the building construction? 

b) What is the effect of building collapse? 
c) What is the effect of window shatter? 


5) What control measures are there 
a) Earth mounding? 
b) Directional effects? 
It is obvious that this process is not simple! 


Attempts have been made to quantify some of 
these variables. Merrifield and Moreton"! con- 
clude that accidents at licensed explosives sites 
occur at about 1 x 10° per building year—in 
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other words, if there are 5000 licensed buildings 
in the UK, they would expect an unintended igni- 
tion about once every other year. Their analysis 
concentrated on events that led to investigation 
and thus may actually under-report the frequency 
of unintentional ignitions. On the other hand, 
their own figures suggest that post 1974 (the 
introduction of new general Health and Safety 
regulations in the UK), the frequency dropped 
markedly. 


Calculating a pure frequency for uninten- 
tional ignitions on a firework display site is much 
more difficult. In many cases a premature igni- 
tion may go unrecognized during a display; how- 
ever, the consequences of such an ignition are 
usually negligible—providing that the firework 
continues to function normally. On the other 
hand, ignitions during rigging and testing have 
potentially severe consequences, and although 
the frequency remains low, good risk assess- 
ment and consequence control measures are 
needed to prevent accidents. For instance, re- 
sponsible firework companies do not test elec- 
trical circuits with personnel in the firing area. 


The consequences of an incident are also 
complex to determine. For instance the effect of 
debris on a person depends on: 


¢ the trajectory of the debris, 


- the area they present to debris (for low tra- 
jectory debris this is their frontal area, but 
for high trajectory debris this is their plan 
area), 


their distance from the explosion, and 


¢ the amount and type of debris produced. 


An extensive analysis of models used to 
predict consequences of an explosion was car- 
ried out in the recent review of UK explosives 
legislation.'"! A comprehensive paper detailing 
various consequence models available has also 
been produced by the UK’s Advisory Commit- 
tee on Dangerous Substances.'! Both papers 
mainly consider the consequences of high explo- 
sive events, whether they are from blast wave or 
debris. Similar analysis of lower order events, 
especially those involving fireworks and pyro- 
technics, is very rare. 


Assessing the Risks 


Chapter 19 — Page 4 


Individual and Societal Risk 


Not only does the risk need to be quantified 
as above, but the risk to two quite separate types 
of person must be considered. The two types are: 


Individual, identified persons—for instance 
the operator of a particular process or the occu- 
pier of a particular dwelling that lies within an 
area likely to be affected by an incident. 


Society as a whole—people passing by a fac- 
tory on a busy road and the whole population 
surrounding a particular facility. 


The assessment of the risks to these two sepa- 
rate types of person is termed “Individual Risk” 
and “Societal Risk”. 


Previously it was stated that the standard for 
acceptability of individual risk is taken to be 
1 x 10°. The acceptability of a societal risk is 
much more complicated. In the most general 
terms, society’s acceptance of a risk is inversely 
proportional to the number of people who may 
be affected by the risk. For instance, we all ac- 
cept, although perhaps we shouldn’t, that indi- 
viduals are killed in road accidents every day of 
the year. These fatalities rarely make even local 
news reports; this risk has become a fact of life. 
However, if, a pile-up kills 10 people, we can 
be sure that the event will be reported widely in 
the locality and may even make national news. 
If hundreds of people are killed, the event will 
be reported internationally. If children are in- 
volved the event will get wider attention for 
smaller numbers of fatalities. 


A plot of cumulative frequency of incidents 
(F) and number of fatalities (NV), the F/N curve 
(Figure 3), is very reminiscent of the simple plot 
for individual risk and highlights the same three 
areas: 


¢ where the risk is unacceptable, 
¢ whererisk reduction is required, and 


¢ where therisk is considered negligible. 


In practice the calculated societal risks result- 
ing from an incident are normally laid over the 
acceptability chart above, and the overall accept- 
ability of the risk (or otherwise) determined from 
where the points lie in relation to the areas above. 
Calculations may be made on the basis of haz- 
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Figure 3. Generalised f/N curve. 


ard identification and mathematical modelling 
of consequence analysis. 


This is not to say that we should necessarily 
equate acceptable societal risk with media per- 
ception, but the two run closely hand in hand! 


Societal risk should be, but not always is, 
summed over an entire population—that is, in 
any one year, any event leading to multiple fa- 
talities should be considered, and therefore the 
total risk should be calculated across all estab- 
lishments that may pose that risk. It is unlikely 
that society would accept multiple incidents over 
a range of establishments during a relatively 
short time scale without rightly asking questions 
as to whether the risks were properly controlled 
across the entire industry. 


Sadly, the public who thus determine the ac- 
ceptable levels of societal risk are also the people 
who least understand the nature and mathematics 
of risk calculations. Indeed the public have little 


concept of frequency—otherwise why would so 
may indulge in the lottery! 


As aresult, most risk assessment is carried out 
on a qualitative or semi-quantitative basis. The 
remainder of this paper will concentrate on this 
approach. 


Qualitative Risk Assessment 
Schemes 


There are almost as many qualitative risk as- 
sessment schemes as there are people carrying 
out risk assessments—each may have had its mer- 
its, but we are now firmly convinced that a biased 
0-10 rating system is the best. See Table 2. 


Table 2. Comparison between Some Qualitative Risk Assessment Schemes. 


Simple 7 tier numeric with zero 


Biased 0—10 numeric 
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Good 
Good, puts greater weight on risks of high 
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Table 4. Chart Showing the Advantages of a Scheme Based on 0-10 Scale. 


Potential Frequency Rating (PFR) 


Approximate 
Frequency 
PFR | Description of Frequency (per year) Example 
0 


Firework debris falling 2 miles upwind 


NEVER happens... 
likely toh 


F>1 
F>10 


Multiple fatalities 


The advantages of a biased 0-10 scheme as 


indicated in Table 4 are as follows: 
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It includes a zero rating for both frequency 
and severity. This relates to risks that have 
no identified consequence or those that 
simply cannot happen. For example an ex- 
plosives incident at an explosives factory 
cannot, by itself, affect a nuclear power 
station 10 miles away. An explosive inci- 
dent at the same plant that resulted in re- 
lease of a toxic gas could, on the other hand, 
affect the same power station as a result of 
wind drift and dispersion. Although many 
regulations (in the UK at least) require only 
the assessment of “significant risks’, it is 
often better to document and dismiss a risk 
than not to document it at all! 


Although what follows rating of frequency 
and severity is just mathematics, the multi- 
plication of the Hazard and Frequency 
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components to evaluate Risk, biasing both 
ratings at the top end, the highest frequen- 
cies and highest consequences, allows risks 
where more than one group of people are 
affected to be rated higher than where only 
one group is affected, and frequently oc- 
curring risks to be rated higher than rare 
occurrences. 


The scheme has enough divisions to allow 
risks to be rated in a meaningful way and 
to allow risk control measures to have a 
real effect on the mathematics of the risk. 
For instance, a risk that potentially injured 
many people may be reduced to one that 
only caused minor injuries to many people 
once control measures are in place. Both 
these might be considered “medium” sever- 
ities in a simple 3 tier scheme, so no risk 
reduction would be apparent. 
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Figure 4. Simple semi-quantified risk assessment. 


Each potential identified risk should be as- 
sessed for both hazard and frequency and then 
rated for risk. In this way, each risk is related 
on a scale of 0-100 (Figure 4), and for multiple 
effects from the same event (e.g., both on-site 
and off-site fatalities), those events that pose 
the greatest risk are identified by simple addi- 
tion. Figure 4 also identifies those areas where 
the resulting risk may be considered acceptable, 
often described by regulators as “broadly ac- 
ceptable”. This term acknowledges that the risk 
is not completely controlled and—once higher 
risks have been reduced—this area may merit 
revisiting to control the risk further. No enforc- 
ing authority will ever commit themselves to 
agreeing that a risk is fully and acceptably con- 
trolled and that it always will be. The remaining 
regions are those where the risk is unaccept- 
able, and the vast majority where the risk is 
“ALARP”. Again the plot resembles that for 
individual and societal risks. 


In the ALARP band, steps should be taken 
to reduce the risks, but any such risk reduction 
measures must be proportionate with the effort 
required to achieve them, both practically and 
financially. Ultimately, therefore, risk reduction 
cannot be separated from cost expenditure. 
Every firework fired could be entirely safe to the 
operator if the operator is situated behind a 30 cm 
thick steel plate 2000 m from the firing area, but 
this is neither practical nor cost effective. 
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The challenge to industry is to be consistent 
in assessing both the hazard and frequency of 
any event in this simple, semi-quantitative, ap- 
proach where definitions have been made in 
terms of, for instance, “happens” and “frequently 
happens”. The virtue of using an extended 0-10 
scale is that, in the light of experience, the fre- 
quency or hazard of an event may be reassessed 
when control measures are in place and the risk 
reassessed. For instance, shells discharging pre- 
maturely from stray sparks where the shell lead- 
ers are completely unprotected “happens”. It is 
not a frequent event, nor is it an infrequent 
event. Covering each leader with tinfoil and pro- 
tecting the mouth of each mortar with more tin- 
foil may reduce this to “happens only rarely” — 
a reduction in potential frequency rating (PFR) 
from 4 to 2. Assuming the consequences stay 
the same, this reduction in PFR reduces the 
overall risk from this event by half. 


It is important to realize, however, that meas- 
ures taken to reduce a particular risk to one set 
of individuals may actually increase the risk to 
others. The classic case here is electrical firing 
of racks of shells. Removing the operator from 
the firing point reduces the risk to him, but he 
may be so removed that he is unable to deter- 
mine that the rack has been disrupted in some 
way and is now pointing horizontally towards 
the audience, thus greatly increasing the risk to 
them! All risk reduction measures must be such 


Assessing the Risks 


Example 1. Extracts from generalised risk assessment for a UK Firework Competition. Note 
that each competitor in the competition also has to provide a site specific risk assessment perti- 
nent to the materials they are firing and their methods of rigging. 


: Py 
Risk Assessment Display 
Hazard & Effect Details Initial Risk Minimise Risk By Managed Risk 
Unpacking display at site ’ Hazard Index 10 Good manual handling, monitoring etc Hazard Index 40 
SiteProcess Display Site 
Frequency 2 Frequency 1 
Who Affected Operator Public 5 . — 
Risk Index 20 Risk Index 40 
Final assembly work (eg Lancework) Hazard Index 3 Training Hazard Index 4 
SiteProcess Display Site 
Frequency 2 Frequency 41 
Who Affected Operator 4 5 — 
Risk Index 6 Risk Index A 
Manual handling of equipment Hazard Index 3 Training Hazard Index 4 
SiteProcess Display Site 
Frequency 2 Frequency 41 
Who Affected Operator 5: i 
Risk Index 6 Risk Index A 
Hand firing of display : Hazard Index 10 Training, adequate fuse jengtis etc Hazard Index g 
Site/Process Display Site 
= Frequency 2 Frequency 4 
Who Affected Operator Risk Index 20] Risk Index B | 
Electric firing of display (remote) ; Hazard Index 10 Training Hazard Index § 
Site/Process Display Site 
ss % Frequency 2 Frequency 1 
Who Affected Operator Risk Index 20] Risk Index B 
Misfired fireworks (not inc shells) ; Hazard Index 10 Training, cool off period. Crowd control Hazard Index § 
SiteProcess 
Frequency 2 Frequency 1 
vvho Affected Operator Public Risk Index 20] Risk Index 6 


that the consequential risks to all parties are 
examined. The analysis may ultimately conclude 
that the measure is not effective. In the case of 
electrical firing of shells in mortar racks the 
process will present a lower risk overall, only if 
adequate precautions have been taken to secure 
the mortar racks from disruption (e.g., adequate 
sandbagging, stakes, separation of tubes within 
the rack, etc.). 


The Role of Risk Assessment in UK 
Pyrotechnic Operations 


As noted above, UK law has gradually 
changed from one of “prescription” to one of 
“goal-setting”. This change, brought about in 
essence by the publication of the Robens Re- 
port'!—a fundamental review of UK Health 
and Safety legislation—has not been universally 
welcomed. Small businesses, which are pre- 
dominant in the pyrotechnics sector—at least in 
the UK, would generally rather be told what they 
can and cannot do. Small businesses do not 
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have the resources, time or staff to base their 
entire operations on even semi-quantified risk 
assessment. The Manufacture and Storage of 
Explosives Regulations (due for adoption in 
early 2004) recognize this and do lay out pre- 
scribed “Quantity/Distance” tables relating the 
permitted quantity allowed to be stored in a 
building to the “Hazard Type” of the material 
being stored, the construction of the building, 
and the proximity of inhabited buildings, major 
roads, etc. 


Which Risks Are the 
Most Important To Address First? 


Which risks are the most important to con- 
trol effectively? It is tempting to conclude that 
high frequency risks are the most important, 
because they are the most easily dealt with. 
However, these risks should be of low conse- 
quence. (If they are high consequence and high 
frequency, then you are in the wrong business.) 
The most important risks to control are those of 
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high consequence that occur infrequently. The 
plain truth is, we control these risks poorly. We 
assume they will not occur, and we don’t quite 
know how to control them anyway. 


Examples of both types of event can again 
be found in the firing of shells. 


A high frequency, low hazard incident is the 
premature ignition of a shell from stray sparks, 
leading to the shell being ejected from the mor- 
tar in its normal manner, exploding normally in 
the air, and presenting the same risks from 
functioning as a shell fired deliberately. 


A mortar tube that has been disrupted (i.e., 
displaced or tipped over by the malfunction of 
an adjacent tube) provides an example of a low 
frequency, high hazard incident. As described 
in Example 1, this example also illustrates the 
need to calculate the risk to both operator and 
audience. In this case remote electrical firing of 
the shell would almost certainly lead to lower 
risk to the operator, but if he is unable to wit- 
ness the disruption of the mortar, and additional 
measures have not been put in place to prevent 
a shell discharging at a low trajectory towards 
the audience, and he then “presses the button’, 
oblivious to the disruption of the mortar, a sig- 
nificant increase in risk to the audience may 
result. 


Keeping Risks in Perspective 


As previously noted, the public has little 
concept of risk. There is a danger with public 
information that “a little knowledge is a dan- 
gerous thing”. The need for scientific education 
of the public is far beyond the scope of this pa- 
per, pressing though it may be, but the follow- 
ing points are important: 


¢ The public (or legislators or event organis- 
ers) should not be misled into thinking risks 
are infinitesimally small when in reality 
accidents and incidents do occur. 


e The public should be not bombarded with 
overly scientific information that they are 
unable to understand or to draw conclusions 
from. 


- Information should be presented dispas- 
sionately, but concisely. 
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If risks in the ALARP region are controlled, 
they are infrequent, but the consequences may 
be relatively severe. This is why these risks are 
the most difficult to present to the public, and 
ironically they are the most difficult to control. 
How many times has the press been full of “We 
never knew the ... factory was there” or “I didn’t 
know we were living next to a bomb ...””? 


It is important to present the information at 
the appropriate level to the intended audience. 
Poorly documented risk assessment may be re- 
jected by enforcers, and it is hoped that the 
methods presented here at least provide a de- 
gree of consistency of approach that makes the 
enforcers’ task easier. 


Presenting pages of detailed analysis to the 
public may convince them the operation is so 
“tisky” that it is unacceptable. On the other hand, 
glib, “dumbed down” statements to the public 
may actually increase their suspicions and lead 
to the conclusion that proper risk assessment 
has not been carried out. 


Documenting Risk Assessments 


Like Risk Assessment methodology, there are 
as many ways of documenting the assessment of 
risks as there are people doing it. Risk assess- 
ments range from simple, single page, docu- 
ments that generally lack detail and do not ad- 
dress all the risks, to multipage documents full 
of science that fail to highlight the most impor- 
tant risks, and the methods in place to control 
those risks. Example | presents a sample of the 
documentation we now adopt. Each row (each 
risk) is rated on the 0-10 system outlined above 
and details the identified hazards, the recipients 
of the hazard and the consequences and fre- 
quency of the risk occurring. It also details 
methods to control each identified risk. In es- 
sence therefore the column of control measures 
becomes an operating manual. If each of these 
measures is in place and is working effectively, 
then the risks are controlled to an acceptable 
level. Monitoring of the controls is paramount. 
The failure to implement a control measure may 
render a risk unacceptable. Data entry to this 
database is via a simple screen (Figure 5). Us- 
ing a database is not, however, merely a means 
of regurgitating old documents, this would be 
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Operator 


@) 


Duplicate 
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y} 


Figure 5. Data entry screen. 


hardly better than merely photocopying old risk 
assessment forms. Instead it encourages the user 
to re-examine old entries on the database perti- 
nent to the tasks being examined, and to enter 
and quantify newly identified hazards, particu- 
larly site-specific hazards for pyrotechnic and 
firework displays. It does, however, provide 
examples on which to base the current risk as- 
sessment and outputs data in a concise manner. 
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Conclusions 


The process of assessing the risks from any 
operation, facility or event is a complex process, 
but one that ultimately not only helps quantify 
the risks involved but highlights, sometimes 
surprisingly, the highest risk operations. 


Good analysis of risk also leads to identifi- 
cation of control measures, and thus the basis of 
operating procedures. However, the risk reduc- 
tions achieved on paper only are meaningful if 
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these operating procedures are adopted and 
monitored. 


This paper presents a semi-quantified risk 
assessment protocol based on biased 0-10 
scales for both hazard and frequency that we 
hope will find widespread use within the vast 
variety of operations throughout the pyrotech- 
nic industry. 
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